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Abstract:
In der oberen Tropospha¨re und untersten Stratospha¨re (OT/US) beeinflussen Aerosol-
partikel im Submikrometerbereich den Strahlungshaushalt der Erde direkt und, was
noch wichtiger ist, indirekt, da sie als Kondensationskern fu¨r Wolken dienen und somit
die Spurengaskonzentrationen durch heterogene chemische Prozesse a¨ndern ko¨nnen.
Seit 1997 gibt es regelma¨ßige in situ Messungen der OT/US Partikel durch das Leibniz-
Institut fu¨r Tropospha¨renforschung in Leipzig, Deutschland. Diese Messungen werden
an Bord eines Passagierflugzeugs mit dem weltweit einzigartigen IAGOS-CARIBIC
Messcontainer durchgefu¨hrt (www.iagos.org/iagos-caribic). In der vorliegenden Ar-
beit wurden die Partikelanzahlkonzentration und die Partikelgro¨ßenverteilung im Sub-
mikrometerbereich der vergangenen Jahre ausgewertet. Dafu¨r wurden die Daten von
drei Kondensationspartikelza¨hlern (CPC, Condensation Particle Counter) und einem
optischen Partikelgro¨ßenspektrometer (OPSS, Optical Particle Size Spectrometer) ver-
wendet.
Zuna¨chst wurde im Labor eine umfangreiche Charakterisierung des IAGOS-CARIBIC
OPSS hinsichtlich der Za¨hleffizienz durchgefu¨hrt. Weiterhin wurde eine Kalibrierung
mit Polystyrol-Latex im gera¨terelevanten Bereich von 140 nm bis 1050 nm vorgenom-
men und daraus mit Hilfe der Mie-Streuung eine Funktion zur Datenauswertung fu¨r
die OT/US entwickelt.
Die statistische Analyse der IAGOS-CARIBIC OPSS und CPC Daten gibt einen guten
U¨berblick u¨ber die in der OT/US vorkommenden Partikelanzahlkonzentrationen und
stellt sicher, dass ein statistisch fundierter Datensatz fu¨r die Analyse zur Verfu¨gung
steht. Auf dieser Grundlage wurde zum ersten Mal eine detaillierte Analyse der
raumzeitlichen Verteilung der Aitkenmode- und Akkumulationsmode-Partikelanzahlgro¨ßen-
verteilung in der OT/US vorgenommen. Diese Analyse beinhaltet Weltkarten mit
Medianwerten, Wahrscheinlichkeitsdichtefunktionen fu¨r spezielle Flugrouten und Par-
tikelgro¨ßenverteilungen entlang der La¨ngengrade. Außerdem wurden die Partikelan-
zahlkonzentrationen zum ersten Mal mit dem globalen Klimamodell ECHAM-HAM
verglichen. Dabei ergab sich, dass die Partikelanzahlkonzentration hauptsa¨chlich von
großra¨umigen Stro¨mungsverha¨ltnissen beeinflusst wird, was im Großen und Ganzen
gut vom Modell wiedergegeben wird.
Fu¨r die einzelnen Jahreszeiten wurden mit Hilfe der potentiellen Temperatur und a¨quiv-
alenten Breitengrade die vertikalen Profile ausgewertet. Fu¨r die Analyse in Bezug auf
die Aerosol-Mikrophysik und den Transport durch die Tropopause wurden auch die in
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IAGOS-CARIBIC gemessenen Spurengase, wie z. B. Ozon und Wasserdampf, hinzuge-
zogen. Die Auswertung zeigt ebenfalls deutlich den Einfluss von Wolken in der oberen
Tropospha¨re und verschiedene Austauschprozesse zwischen der Stratospha¨re und Tro-
pospha¨re. Außerdem wurde der Einfluss verschiedener Austauschprozesse auf die Par-
tikelanzahlkonzentration untersucht: die Brewer-Dobson Zirkulation, warm conveyor
belts, Isentropentransport und der Transport durch tropische, hochreichende konvek-
tive Bewo¨lkung. In der Vergangenheit wurde diese Analyse nur fu¨r atmospha¨rische
Spurengase durchgefu¨hrt, und nun zum ersten Mal auch fu¨r Aerosolpartikel.
Die hier pra¨sentierten Ergebnisse zeigen eine umfangreiche Charakterisierung der Aitken-
und Akkumulationsmode-Partikelanzahlkonzentration in der OT/US und den Ein-
fluss von Austauschprozessen der Stratospha¨re und Tropospha¨re auf die Partikel. Die
Auswertungen tragen maßgeblich zum Versta¨ndnis und zur Vorhersage der Partike-
lanzahlkonzentration in Klimamodellen und damit schlussendlich zur Berechnung des
Strahlungshaushalts der Erde und dessen zeitlicher Vera¨nderung bei.
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Abstract:
Submicrometer aerosol particles in the upper troposphere and lowermost stratosphere
(UT/LMS) influence the Earth’s radiation budget directly and, more important, indi-
rectly, by acting as cloud condensation nuclei and by changing trace gas concentrations
through heterogeneous chemical processes. Since 1997, regular in situ measurements of
UT/LMS particles have been conducted by the Leibniz Institute for Tropospheric Re-
search, Leipzig, Germany, using the world-wide unique IAGOS-CARIBIC observatory
(www.iagos.org/iagos-caribic) onboard a passenger aircraft. In this thesis, UT/LMS
aerosol particle number concentrations and the submicrometer aerosol particle size dis-
tribution as measured by three condensation particle counters (CPCs) and one Optical
Particle Size Spectrometer (OPSS) are discussed.
Before analyzing the measurement data from the UT/LMS region a throughout char-
acterization of the IAGOS-CARIBIC OPSS with respect to the counting efficiency was
carried out in the laboratory for the OPSS-relevant particle size range of 140 nm to
1040 nm diameter. After calibration with polystyrene latex (PSL) particles a theoreti-
cal response function, representative for the UT/LMS, was calculated with Mie theory
to ensure a correct data analysis.
The statistical analysis of the IAGOS-CARIBIC OPSS and CPC data gives a good
overview of existing particle number concentrations in the UT/LMS and ensures a sta-
tistically sound data analysis. On this basis a detailed characterization of the spatio-
temporal distribution of Aitken and accumulation mode particle number concentrations
in the UT/LMS was carried out for the first time. This analysis includes global maps
with median values, probability density functions for specific flight routes, and lon-
gitudinal distributions of the particle size distribution. Also a first comparison with
the global climate model ECHAM-HAM was conducted. The analysis showed that the
aerosol distributions are mainly influenced by large-scale circulation patterns which
were, in gererel terms, well reflected by the global climate model.
Moreover, seasonal vertical cross-sections for particle number concentrations, the po-
tential temperature, and the equivalent latitude were generated. The results are in-
terpreted with respect to aerosol microphysics and cross-tropopause transport using
IAGOS-CARIBIC trace gases like ozone and water vapor. The influence of clouds
in the troposphere and the different stratosphere-troposphere exchange processes are
clearly visible. Furthermore, the influence of the major transport processes into the
UT/LMS region on the aerosol particle number concentrations was investigated: the
1149 pp. (number of pages)
2124 Ref. (number of references)
Brewer-Dobson circulation, warm conveyor belts, isentropic transport, and tropical
deep convective cloud outflow. In the past this was done only for atmospheric trace
gases, but now for the first time for aerosol particles.
The findings presented in this study represent a comprehensive characterization of the
Aitken and accumulation mode particle number concentration in the UT/LMS and the
influence of stratospheric-tropospheric exchange processes on these particles. These
findings may help to evaluate and improve predictions of particle number concentra-
tions by climate models and finally the calculation of the Earth’s radiation budget and
its change over the years.
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1 Introduction
The atmosphere of the Earth is one of the basic prerequisites for the development and
continued existence of humanity. Therefore it is very important to understand the
composition and processes at various altitudes, as well as atmospheric changes in the
past years because of anthropogenic emissions.
Besides greenhouse gases also aerosol particles play an important role in the atmo-
sphere. “Atmospheric aerosols consist of a suspension of solid or liquid particles in air.
These particles range from molecular clusters less than one nanometer in diameter to
pollens, wind-blown soil dust and sea salt of 10µm or larger.” [McMurry, 2015] Besides
the natural particles there are particles emitted from anthropogenic sources like com-
bustion processes from transport vehicles or industry. Both natural and anthropogenic
aerosol particles are relevant for the climate, because they directly influence the ra-
diative budget of the Earth by scattering or absorption of incoming solar radiation as
well as outgoing terrestrial radiation and consequently heat or cool the atmosphere.
Aerosol particles also influence the climate indirectly, because they could act as cloud
condensation nuclei or ice nuclei and thus change cloud properties and precipitation
[IPCC, 2013]. The atmosphere has a layered structure, which is characterized by dif-
ferent levels [Hupfer, 2006]. The lowest layer is the troposphere which reaches heights
up to 6–8 km at the poles and 16–18 km near the equator. Above the troposphere
the stratosphere is located. The transition region between these two layers is called
tropopause. The extratropical upper troposphere (UT) and the lowermost stratosphere
(LMS) is broadly defined as the region ± 5 km around the tropopause [Gettelman et
al., 2011]. “Compared to the lower 5 km, surprisingly few systematic long-term studies
have addressed the upper-tropospheric aerosol” [Gras, 2003]. Both the extratropical
UT and LMS are regions “where radiative, dynamic, and chemical forces drive climate
feedbacks” [Bevilacqua et al., 2015]. Also Kahn et al. emphasize the lack of knowledge
and ask for for systematic aircraft measurements and “a database of aerosol airmass-
specific particle optical, microphysical, and chemical property PDFs, combined with
frequent, global aerosol airmass-type maps” which “would provide the next major ad-
vance in constraining chemical transport models used to calculate the regional and
global radiation fields, material fluxes, and climate impacts” [Kahn et al., 2017].
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This thesis addresses the lack of knowledge on UT/LMS aerosol particles by using
the In-service Aircraft for a Global Observing System - Civil Aircraft for Regular In-
vestigation of the Atmosphere Based on an Instrument Container (IAGOS-CARIBIC,
[www.iagos.org/iagos-caribic]) dataset. The IAGOS-CARIBIC aircraft, since 2005 a
Lufthansa Airbus A340-600, is equipped with a measurement container which mea-
sures once per month during four intercontinental flights aerosol and trace gas prop-
erties, such as particle number, size distribution, elemental composition as well as the
mixing ratio of ozone, water vapor, carbon monoxide, carbon dioxide, methane, water
isotopologues, nitrogen oxides, mercury, volatile organic compounds etc..
In order to analyze the long-term aerosol data of the IAGOS-CARIBIC aerosol instru-
mentation, three main tasks where defined for this thesis:
1. The throughout characterization and calibration of the IAGOS-CARIBIC Optical
Particle Size Spectrometer (OPSS), in order to better understand the derived
particle size distributions and their uncertainties
2. Spatio-temporal distributions of Aitken and accumulation mode particle number
concentrations in the UT/LMS and a comparison with a global climate model,
in order to better understand particle sources and sinks and if global models
represent these particles well
3. Transport processes into the UT/LMS region and their influence on aerosol parti-
cle number concentration in different particle size ranges, in order to identify the
importance of individual transport processes with respect to aerosol particles.
In the first part of this chapter an overview of the structure and dynamics of the
atmosphere, in particular the UT/LMS, is given. The second part gives information
about the most relevant aerosol particle properties and UT/LMS transport processes
will be briefly reviewed.
1.1 Atmospheric dynamics
1.1.1 Vertical structure
The Earth’s atmosphere can be divided into four different layers. The troposphere
(“Greek tropos = turn; troposphere = turning or mixing sphere” [Dameris, 2003,
p. 2345]) is the lowest layer and its extent can vary between 6–8 km at the poles up to
16–18 km at the equator [Seinfeld and Pandis, 1998, p. 6 ff.]. With rising altitude the
temperature decreases in the troposphere from on average 20◦C (standard atmosphere)
at the Earth’s surface to -55◦C at the extratropical tropopause, where the troposphere
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ends and the stratosphere (“stratified as opposed to mixed” [Dameris, 2003, p. 2345])
begins (see figure 1.1).
The tropopause is not a sharp border but rather a transition layer between tropo-
sphere and stratosphere and will be discussed in more detail in section 1.1.2. The
stratosphere extends from the tropopause up to approximately 50 km height and is
characterized in the mid-latitudes by constant temperature values in the lower regions
and increasing values in the upper regions with the maximum at the stratopause. In
the tropics the tropopause region is located at higher altitudes and the temperature
decreases monotonously up to the stratopause. For the mid-latitudes as well as for the
tropics this temperature gradient leads to a relatively stable stratification with much
lower convection and exchange of air masses compared to the troposphere [Bo¨nisch,
2005]. Above the stratopause the mesosphere is located up to approximately 85 km
and separated from the thermosphere by the mesopause which is the coldest spot in
the atmosphere [Seinfeld and Pandis, 1998, p. 7 ff.].
Figure 1.1: Vertical temperature profile according to the US-standard atmosphere (1976),
taken from [Seinfeld and Pandis, p. 7 & 1293, 1998] for the mid-latitudes. The IAGOS-
CARIBIC aircraft cruise altitude is around 8–12 km.
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1.1.2 Definition of the tropopause and UT/LMS
The tropopause is a dynamic and variable barrier between troposphere and strato-
sphere, and was first discovered by R. Assmann [Assmann, 1902]. Depending on the
question of interest, the tropopause can be defined in different ways:
1. Thermal tropopause
The definition of the thermal tropopause has been declared universally applicable by the
World Meteorological Organization (WMO). Their definition is: the “lowest altitude
where the temperature lapse rate is smaller than 2 K km−1 for at least 2 km” [WMO,
1957]. This condition allows multiple tropopauses [Pan et al., 2009], if “the temperature
lapse rate is bigger than 3 K km−1 for 1 km above the first tropopause and the criteria
of thermal tropopause appears again” [Gettelman et al., 2011]. Because the vertical
temperature structure along the flight track is not measured and model results would
be too uncertain, the thermal tropopause was not used for the scientific questions which
will be addressed in this thesis.
2. Dynamical tropopause
While the lapse-rate-based thermal tropopause only identifies the vertical change in
static stability, the PV-based dynamical tropopause includes both changes – in static
stability and vorticity, i.e. dynamics [Danielsen, 1964]. For the dynamical tropopause
definition the potential vorticity is used: the dot product of vorticity and stratification
with the unit PVU (1 PVU = 10−6 K m2 kg−1 s−1). In literature different thresholds
for the dynamical tropopause can be found: from 1.6 PVU [Hoinka et al., 1993] up to
3.5 PVU [Hoerling et al., 1991]. The potential vorticity cannot be directly measured
but calculated by atmospheric models. These models have limitations in the horizontal
resolution and there is no fixed value for the PV-based dynamical tropopause. The
3 PVU layer is used to roughly identify the tropopause region and because of the limita-
tions and the approximate threshold not the primary choice to identify the tropopause
in this thesis.
3. Chemical tropopause
One major difference between the troposphere and stratosphere is their chemical com-
position, mainly caused by different source and sink processes, and thus different com-
ponent lifetimes. Therefore, it is reasonable to define the tropopause by a chemical
gradient. “Ozone has most often been used for the identification” [Gettelman et al.,
2011]. The advantage of the chemical tropopause is that with in-situ measurements of
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ozone, a high spatio-temporal resolution of the tropopause is possible [Bo¨nisch, 2005].
Unless stated otherwise, the chemical tropopause is used throughout this thesis and
calculated from [Zahn et al., 2014, see equation 4.1–4.3].
The extratropical upper troposphere and lowermost stratosphere “can be broadly de-
fined as the region ± 5 km around the tropopause” [Gettelman et al., 2011]. In the
mid-latitudes the UT/LMS region is a transition layer between the troposphere and
the stratosphere (dark and light blue shading in figure 1.2) which influences both layers:
1. Stratosphere-troposphere airmass exchange (STE) changes the structure and
chemical composition of this region which results in particularly large changes
in radiative forcing of the atmosphere [Riese et al., 2012]
2. Because of the STE and resulting structure changes also the lifetimes of different
species change – that affects also the radiation budget of the Earth
3. The dynamics in the UT/LMS also influence weather regimes in the troposphere
4. The global circulation (upward in the tropics and downward in the extratropics)
influences the UT/LMS reservoir and complicates the characterization of STE
In the tropics the layer between the troposphere and the stratosphere is called the trop-
ical transition layer (TTL) and is geographically bounded poleward by the subtropical
jets. A rough estimation of vertical extent defines the TTL between 355 K and 425 K
potential temperature [Fueglistaler et al., 2009].
1.1.3 Atmospheric global circulation patterns
The global circulation pattern of the atmosphere comprises the wind field which is
mainly formed by the rotation of the Earth, the unequal distribution of continents
and oceans on the globe, and the driving force of the solar radiation [Scho¨nwiese,
Klimatologie, p. 183 ff., 1994]. As a result, three different zones can be identified,
characterized by vertical average transport patterns: in the Hadley cell warm and
humid air moves upwards near the equator in the Inner Tropical Convergence Zone
(ITCZ) and flows poleward below the tropopause. At approximately 30◦ latitude the
air descends and near the surface the air flows back to the equator. Because of the
Coriolis force the easterly trade winds are thus formed in this region.
In the polar region cold and dry air masses sink down to the surface, are transported
away from the poles, rise up again at around 65◦ latitude, and flow back to the pole
in higher altitudes. This is the polar zone with a high pressure system at the surface.
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Figure 1.2: “Schematic snapshot of the extratropical UTLS” (upper troposphere/lower
stratosphere) “using data from a Northern Hemisphere section along 60◦W longitude on 15
February 2006. Wind contours (solid black lines 10 ms−1 interval), potential temperature
surfaces (dashed black lines), thermal tropopause (red dots), and potential vorticity surface
(2 PVU: light blue solid line). Illustrated schematically are the Ex-UTLS (dark and light blue
shading), ExTL” (extratropical transition layer) “(dark blue shading), clouds and fronts (gray
shading), static stability contours in the TIL” (Tropopause Inversion Layer) “(green shading),
quasi-isentropic exchange (red wavy arrows), cross-isentropic exchange (orange wavy arrows),
and the Brewer-Dobson circulation (deep, red solid outline; shallow, dotted solid outline)”
[Gettelman et al., 2011].
Between the Hadley and polar cell the Ferrel cell is located with westerly winds at
the ground. Between the cells and near the tropopause strong easterly wind bands
occur: the subtropical jet between the Hadley and Ferrel cell and the polar jet between
the Ferrel and polar cell. The wind velocity in the jet streams can reach values up to
500 km h−1 [Ha¨ckel, p. 277 ff., 1999] but the jet streams have no fixed borders. They are
dynamic systems and can meander strongly because of the differences in temperature
between the colder polar air and warmer air from mid-latitudes. Along the border of
those instabilities low pressure systems can be formed.
In the stratosphere the increasing temperature with height causes a stable stratifi-
cation, but because of the breaking of planetary Rossby waves and gravity waves in
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Figure 1.3: ”Schematic representation of the general circulation of the atmosphere“ [Seinfeldand Pandis, p. 12, 1998].
the stratosphere a westward oriented force forms which leads to rising air masses in
the tropical region and descending air masses near the polar region. This motion is
called the Brewer-Dobson circulation (BDC) [Dobson, 1946, and Brewer, 1949]. A
large number of waves which originate in the troposphere propagate vertically into the
stratosphere and thus dictate the spatial and temporal structure of the BDC.
1.1.4 Stratosphere-troposphere exchange
As already mentioned in section 1.1.2 the tropopause is not a stable barrier between
the troposphere and stratosphere, but a dynamic and variable barrier which allows
stratosphere-troposphere exchange (STE). There are many different pathways but this
thesis will focus on those which are most important for the UT/LMS (see figure 1.4).
More detailed information is given in chapter 5.
In the following, these four transport processes will be shortly explained:
1. The Brewer-Dobson circulation [Dobson et al., 1946, and Brewer, 1949]; this
major global circulation pattern in the stratosphere ensures a year-round air flux
into the LMS from higher altitudes that has its maximum in winter [Appenzeller
et al., 1996]. The air is transported upwards in the tropics and can then be
either transported in the lower branch to the poles (altitude up to 20 km) on a
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timescale of months or in the upper branch to the poles (altitudes up to 80 km)
on a timescale of years (white arrows in figure 1.4).
2. Warm conveyor belts (WCBs) are an important pathway which can rapidly trans-
port humid atmospheric boundary layer air into the upper troposphere. [Wernli
and Bourqui 2002, and Eckhardt and Stohl, 2003]. From the UT the air masses
can be transported in the LMS through other processes like mixing at tropopause
folds or isentropic transport (see 4.).
3. In the tropical region the major transport pathway from lower altitudes to the
upper tropical troposphere are deep convective clouds, with transport times of
hours. It is possible that deep convective clouds directly penetrate the lower
tropical stratosphere but very unusual and therefore negligible [Danielsen, 1993].
Most frequently, the deep convective clouds transport the air masses from lower
altitudes into the UT and the major entry from the UT into the LMS is driven by
the global circulation which causes large-scale upward transfer of mass (see 1.).
That exchange works slowly but constantly [Holton et al., 1995]. On the other
hand air masses from the deep convective cloud outflow region can be transported
into the lower stratosphere via isentropic transport (see 4.).
4. The bidirectional exchange along isentropes occurs often around the subtropical
jet [Randel and Held, 1991]. Due to the demanding technical efforts, up to 2015
there were not many in situ measurements in these regions for the investigation
of the mixing processes and their importance for trace gases and water vapor
[Chen et al., 1995, Sprenger and Wernli, 2003, Spackman et al., 2007, Bo¨nisch et
al., 2009, and Zahn et al., 2014].
The importance and influence of these four different transport pathways for aerosol
particles, and especially the fourth pathway, was not subject of research up to now and
will be investigated for the first time in this thesis (see chapter 5).
1.2 Aerosol particles in the UT/LMS
Aerosol particles are liquid or solid particles which are suspended in a gas. Their di-
ameter can range from 0.001 nm to more than 10µm.
A typical aerosol particle number size distribution is shown in figure 1.5 and consists
of four modes: the nucleation mode with particles about 15 nm, the Aitken mode be-
tween 15 nm and 100 nm, the accumulation mode between 100 nm and 1000 nm and the
coarse mode with particles bigger than 1000 nm. The presentation format of particle
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Figure 1.4: The global circulation pattern in the upper troposphere and stratosphere (by
courtesy of A. Engel, University of Frankfurt and adapted).
number size distribution is typically dN/dlog (dp), which means that the concentration
is normalized by the decade logarithm of the size channel width (see chapter 3). In or-
der to make measurements from different altitudes comparable, aircraft-borne aerosol
data are usually converted to standard temperature and pressure (STP: 273.15 K and
1013.25 hPa). All results presented in this thesis are therefore presented at STP con-
ditions. Typical for the UT particle size distribution is the strong decrease in particle
number with increasing particle size: four orders of magnitude in concentration over
two orders of magnitude in particle diameter.
The main particle sources and sinks for the upper troposphere and lowermost strato-
sphere are transport, primary emissions, and new particle formation.
1. The major transport pathways into the UT/LMS region are the Brewer-Dobson
circulation (stratospheric circulation), warm conveyor belts (tropospheric mid-
latitudes), deep convective clouds (tropical troposphere) and isentropic transport
(between UT and LMS) – see section 1.1.4 and chapter 5. Minor transport path-
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ways are tropopause folds, overshooting deep convection or polar vortex breakup.
They can transport particles from biomass burning events (both anthropogenic
or natural), mineral dust plumes (natural) and meteoritic material (natural).
2. The major sources of primary emitted particles which were directly emitted in the
UT/LMS region are aircraft emissions (anthropogenic), and volcanic eruptions
(natural).
3. New particle formation in the UT is favored by low temperatures, high relative
humidity, high actinic fluxes, low pre-existing particle surface area, and avail-
able precursor gases. These conditions occur mainly in convective cloud outflow
regions.
These potential sources and sinks for aerosol particles in the UT/LMS region are al-
ready known to exist. But the importance of the different contributors has hardly
been investigated. Especially the role of the transport processes for the aerosol parti-
cles is very unclear up to now and will be investigated in this thesis on a statistically
significant basis.
Figure 1.5: Typical upper tropospheric particle size distribution, observed during the Indian
Ocean Experiment (INDOEX) in February and March 1999 in 8–12.5 km altitude (solid blue
line). The four aerosol modes are indicated as black dashed lines [de Reus et al., 2001].
2 IAGOS-CARIBIC project and
instrumentation
The acronym IAGOS-CARIBIC stands for “In-service Aircraft for a Global Observing
System – Civil Aircraft for the Regular Investigation of the atmosphere Based on an
Instrument Container”. In the first part of this chapter (section 2.1) the motivation as
well as the history of this world-wide unique project (since 2013 a European research
infrastructure) will be outlined. This chapter will also provide some necessary facts
about the measurement system: section 2.2 describes the aircraft platform and the
inlet system, while section 2.3 focuses on the container and included instruments. The
last section 2.4 deals with the aerosol particle instrumentation specifically concentrat-
ing only on those aspects that are relevant for the analysis of this thesis. Further
background information on the IAGOS-CARIBIC system were already presented in
detail by [Brenninkmeijer et al., 1999, and Brenninkmeijer et al., 2007], and the aerosol
particle instrumentation by [Papaspiropuolos et al., 1999, Hermann et al., 2001, Nguyen
et al., 2006, and Hermann et al., 2016].
2.1 Motivation
In 1994, the CARIBIC project [www.iagos.org/iagos-caribic] entered its first phase.
The motivation to start this project was the regular investigation of the upper tro-
posphere and lowermost stratosphere (UT/LMS), measuring as many trace gases and
aerosol parameters as possible, and this on a global scale. The aim was and is to
get a very detailed picture of the atmosphere in that region on a long time scale with
high statistical significance. This approach is complementary to research aircraft based
measurement campaigns, which can only investigate individual features of the atmo-
sphere, because of their short duration and their restriction to certain regions. The
first phase of this project was performed onboard a Boeing 767 300ER operated by
LTU International Airways [Brenninkmeijer et al., 1999] and lasted until 2002, when
the aircraft was sold. This phase of the project will not be addressed in this thesis;
only data from the second phase (since 2005) are used.
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Figure 2.1: All IAGOS-CARIBIC flight tracks from May 2005 to Aug 2015 (By courtesy of
A. Rauthe-Scho¨ch, Max Planck Institute for Chemistry in Mainz).
In parallel with phase I of the project, phase II was already planned and started in
December 2004 on an Airbus A340-600 operated by the German Lufthansa AG. For
phase II a new measurement container was constructed and a new inlet system was
developed [Brenninkmeijer et al., 2007], which will be discussed in detail in the follow-
ing sections 2.2–2.4. In 2013 the CARIBIC project became one of the two columns
of the IAGOS European research infrastructure for global observations of atmospheric
composition from commercial aircraft [www.iagos.org].
Dedicated research aircrafts offer unique measurement possibilities with varying state-
of-the-art instrumentation to study atmospheric processes, but they are very expensive.
For each flight hour the operation costs are about 10–20 times more expensive than
the same flight hour operation costs of the IAGOS-CARIBIC passenger aircraft. The
disadvantage is the limitation to flight routes and airports that Lufthansa offers for
this passenger aircraft.
Figure 2.1 shows all IAGOS-CARIBIC flight tracks during phase II. The measurements
were performed once per month during four successive intercontinental flights which
ensures a good coverage especially of the northern hemisphere. The unique dataset
examined in this thesis includes data from May 2005 to August 2015 – 10 years, more
than 200 measurement flights including more than 1700 h of observations, yielding
data for more than 60 different atmospheric trace gases, aerosol particle properties,
and meteorological parameters.
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2.2 IAGOS-CARIBIC aircraft and inlet system
The Airbus A340-600 “Leverkusen” of the German Lufthansa AG, which was modified
for regular measurements of atmospheric parameters at 2–13 km altitude during normal
passenger flights is shown on the left side of figure 2.2.
Figure 2.2: The IAGOS-CARIBIC aircraft (left): an Airbus A340-600 of the Lufthansa AG
and the permanently mounted IAGOS-CARIBIC inlet system (right) with gas, water and
aerosol inlet tubes.
One modification is the specially developed inlet system, which is permanently mount-
ed on the lower aircraft fuselage – about 23 m downstream the aircraft nose (see figure
2.2 (right)). The inlet consists of three different inlet tubes: one for trace gases, one
for water vapor and one for the aerosol particles. All three inlet tubes are heated to
prevent them from freezing up [Brenninkmeijer et al., 2007].
The main task of the inlet system is to collect and slow down the measurement air
by using a diffuser. For the aerosol tube the air speed has to be reduced from around
250 m s−1 to 6–7 m s−1. Because of this velocity reduction the pressure and also the
temperature increase which heats the aerosol particles from ambient temperatures of
around -55◦C up to -30◦C. The heat in the aircraft and in the container increase the
temperature of the measurement air further to about +25◦C – thus, the present particle
measurements are representative for dry aerosol particles. The particle transmission ef-
ficiency of the inlet and the resulting correction method was investigated and presented
in [Hermann et al., 2016].
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2.3 The IAGOS-CARIBIC container and its
instrumentation
The measurement container (see figure 2.3), with a total weight of 1.5 t and dimensions
of 1.6 x 3.1 x 1.5 m, is loaded once per month for four successive intercontinental flights
in the cargo compartment of the IAGOS-CARIBIC aircraft, where it can be connected
to the permanently mounted inlet system. Because of safety regulations, nobody is
allowed to stay in the forward cargo compartment during the flight, thus, all instru-
ments in the container have to run automatically. To ensure a smooth operation during
the flight, in particular concerning the power management and safety issues, a master
computer was installed and programmed to control all instruments, e.g. to start and
to end the measurements properly.
Figure 2.3: Front view of the IAGOS-CARIBIC measurement container.
An overview of all instruments, whose data are used in this thesis is given in table 2.1.
Besides the aerosol and trace gas parameters, about 10 meteorological parameters like
temperature, static pressure and wind velocity measured by aircraft sensors are also
available for the analysis. In addition to the high number of instruments and derived
parameters, which contributes to this unique dataset, the Royal Netherlands Meteo-
rological Institute (KNMI) calculates meteorological fields and vertical cross-sections
along the flight track based on the European Centre for Medium-Range Weather Fore-
casts (ECMWF) data with a resolution of 1 x 1 degrees on ECMWF model levels
[projects.knmi.nl/campaign support/CARIBIC], as well as back and forward trajec-
tories.
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Table 2.1: The IAGOS-CARIBIC instrumentation for the parameters used in this thesis.
Parameter Method Analysis Responsible
Institute
Integral particle number Condensation Particle In situ TROPOS
concentration for three Counter (CPC) with different
different size ranges lower threshold diameters:
dp > 4 nm; dp > 12 nm;
dp > 18 nm;
upper threshold ≈ 2000 nm
Integral particle number Optical Particle Size In situ TROPOS
concentration and Spectrometer (OPSS):
particle size distribution 140 nm < dp < 1050 nm
Particle elemental Impactor collection; Particle Post-flight Uni Lund
composition Induced X-Ray Emission laboratory
(S, H, C, N, O, Fe, K) (PIXE)and Particle Elastic
Scattering Analysis (PESA)
BC Single Particle Soot In situ MPI-C
Photometer
O3 fast/precise Chemiluminescence on an In situ KIT
organic dye (fast)
UV absorption (precise)
CO VUV fluorescence In situ MPI-C
H2O total/gaseous Laser photo acoustic and In situ KIT
dew point mirror
CO2 Non-Dispersive InfraRed In situ MPI-C
Absorption (NDIR)
C2H3N2 Proton transfer reaction In situ KIT
mass spectrometer (PTRMS)
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2.4 Aerosol instrumentation
The IAGOS-CARIBIC research infrastructure provides a huge dataset of atmospheric
parameters. In the following section the aerosol instrumentation operated by the Leib-
niz Institute for Tropospheric Research (TROPOS), whose data will be the focus in
this thesis, will be explained.
2.4.1 IAGOS-CARIBIC Condensation Particle Counter (CPC)
For the IAGOS-CARIBIC aerosol particle measurements three Condensation Particle
Counters (CPCs) 7610 from TSI [TSI, 2002] were modified for low-pressure conditions
[Hermann et al., 2001]. The CPC measurement principle is based on a constant aerosol
flow, which is lead through a heated saturator where butanol is evaporated. Then the
aerosol flow is cooled down in a condenser, whereby the butanol vapor condenses on
the aerosol particles, which grow up to diameters of several micrometers. In contrast
to the original particles, these enlarged particles can then be counted by a laser/photo
diode optics and thus the integral particle number concentration for particles larger
than a certain threshold diameter of a few nanometers can be derived. The difference
between the three IAGOS-CARIBIC CPCs is the lower threshold diameter which was
set to 4 nm, 12 nm and 18 nm to get information about the nucleation mode particle
number concentration (N4-12) and the Aitken mode particle number concentration (N12
or N18). The measurement time resolution was set to 2 s, corresponding to a spatial
resolution of 0.5 km. For more details see [Hermann et al., 2001].
2.4.2 IAGOS-CARIBIC Optical Particle Size Spectrometer (OPSS)
The IAGOS-CARIBIC Optical Particle Size Spectrometer (OPSS) was constructed in
the form of a 19” rack unit by A. Weigelt (see figure 2.4).
The instrument consists of a pressure sensor, two MFCs, a compressor, electronics, a
real-time data acquisition and the optical unit (see figure 2.5). All components were
constructed by incombustible materials to comply with the safety regulations for pas-
senger aircrafts. The optical unit is a KS-93 Optical Particle Counter (OPC) by RION
Co. [RION, 2008].
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Figure 2.4: Top view on the IAGOS-CARIBIC OPSS slot.
Figure 2.5: The air flow scheme of the IAGOS-CARIBIC OPSS.
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Before being measured in the KS-93 the particle flow is surrounded by particle-free
sheath air to focus the aerosol in the middle of the laser beam [Weigelt, 2014]. The
KS-93 uses a quartz optical cell, which makes it insensitive to pressure changes and
thus highly suitable for airborne applications. The optics consist of a 200 mW laser
diode (perpendicularly polarized) with a wavelength of λ = 830 nm. The detector is
located perpendicularly to the laser and detects the sideward scattered light of the
particle at a 90± 40◦ collecting angle. Because the quartz optical cell is glued to the
instrument inlet tube, the KS-93 mechanical integrity might be sensitive to vibrations,
which can be strong in an aircraft. Therefore the instrument is fixed in a frame which
is fixed to the rack unit ground plate with three wire rope insulators.
Figure 2.6: Scattered light signals of two particle sizes (200 nm polystyrene latex in the
upper row and 900 nm polystyrene latex in the lower row) from the IAGOS-CARIBIC OPSS.
Pictures (a) and (c) show the raw signals and (b) and (d) show the amplified signals for the
three channels [Weigelt, 2014].
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The original KS-93 OPC provides the integrated particle number concentration for five
predefined particle size bins. For the measurements onboard the IAGOS-CARIBIC
aircraft the instrument was changed by RION to get access to the scattered light signal
of every single particle. With this modification it is possible to record every single
particle pulse and thus to set the averaging time and the number of size channels for
the analysis at any time after measurement. The intensity of the scattered light (the
particle pulse heights) varies with the particle diameter over several order of magnitude
and is thus amplified with three different linear amplifiers to output voltages between
0 and 10 V each (see figure 2.6).
After the construction of the instrument, a first characterization was done by A. Weigelt
[Weigelt, 2014]. Figure 2.7 shows the effect of the implemented sheath air technique for
350 nm polystyrene latex (PSL) particles: when the aerosol particles are surrounded
by particle-free sheath air, the amplified particle pulse signal shows a monomodal
distribution, whereas the distribution without the sheath air technique shows additional
small signals, which were not measured in particle free air. Hence small signals probably
occur when particles pass the laser beam not directly in the middle but in the edge
regions which resulted in reduced illumination and detection as artificially “small”
particles.
In figure 2.8 the pressure dependency of the IAGOS-CARIBIC OPSS for 450 nm PSL
particles is shown for six different pressure levels from ground level of 1000 hPa down
to flight conditions of about 200 hPa. The maximum change is less than 3% in particle
diameter and consequently negligible for the data analysis, because the measurement
uncertainty is much higher (see section 3.2.3).
The above overview referring to already existing results by [Weigelt, 2014, Hermann
et al., 2001, and Hermann et al., 2016] is the basis for the following section: the more
detailed IAGOS-CARIBIC OPSS characterization, which was conducted during the
course of this thesis.
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Figure 2.7: The IAGOS-CARIBIC OPSS pulse signal intensity distribution for 350 nm
polystyrene latex particles with and without implemented sheath air technique [Weigelt,
2014].
Figure 2.8: The IAGOS-CARIBIC OPSS pressure dependency for 450 nm PSL particles.
3 IAGOS-CARIBIC OPSS
Characterization
To calculate the particle diameter by the scattered light signal in the OPSS unit, it
is necessary to characterize the system thoroughly. Therefore, a detailed calibration
in the laboratory is indispensable. This detailed calibration was carried out twice,
in November 2013 and in September 2014. In November 2013 the size calibration
was conducted and it was analyzed if the instrument properties had changed from
the instrument setup that had been carried out in 2010. The second calibration in
September 2014 aimed at investigating the counting efficiency of the instrument and
supplementing the size calibration with more diameters. Section 3.1 delineates the
calibration setup, while section 3.2 shows the results of the particle size calibration,
the resulting response function for the laboratory, and based on this the transferred
response function for the upper troposphere and lowermost stratosphere (UT/LMS).
Additionally, the correction procedures for the counting efficiency and erroneous counts
are explained in section 3.2.
3.1 OPSS Calibration setup
To characterize the IAGOS-CARIBIC OPSS unit, a detailed calibration for particle
size and counting efficiency was carried out. A schematic of the calibration setup is
shown in figure 3.1. This setup was used for both calibrations. In order to generate
particles in the atomizer (1), the solution unit (2) was prepared with different sizes
of polystyrene latex (PSL) particles (150–1000 nm) suspended in distilled water. Af-
ter the particle generation, the sample air flow was lead through a droplet trap (3)
to deposit the remaining water droplets, followed by a dilution system (4), where dry
particle-free air was mixed in to reduce the humidity and the particle concentration of
the measurement air. To ensure dry particles, an additional dryer (5) was built up in
the calibration system, consisting of a 40 cm tall glass tube filled with water-absorbing
silica gel. For the size and the counting efficiency calibration it was important to gath-
er monodisperse particles of a certain size. Therefore, the particles were charged in
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a bipolar diffusion charger (85Kr) (6) and sorted afterwards by their mobility diam-
eter, using a Differential Mobility Analyzer (DMA) [Knutson and Whitby, 1975] (7).
A DMA selects particles according to their electrical mobility. With this technique it
is possible to remove other existing particle sizes e.g. from the contamination in the
water or from burst particles (see figure 3.2). Due to the length of the DMA in our
calibration setup it was possible to select discrete particle sizes up to around 600 nm.
For particles with larger diameters the DMA was removed from the setup and the
PSL particles were directly lead to the measurement instruments. At the end of the
calibration setup, the measurement air was divided and lead to the OPSS and a Con-
densation Particle Counter (CPC) used as the reference instrument for the counting
efficiency. A CPC measures the total number concentration of all particles larger than
a certain threshold diameter [Agarwal and Sem, 1980] and when calibrated against an
aerosol electrometer, it can be regarded as secondary standard for the particle number
[Wiedensohler et al., 1997].
Figure 3.1: OPSS Calibration setup: atomizer (1), PSL solution bottle unit (2), droplet
trap (3), dilution system (4), dryer (5), bipolar diffusion charger (6), and Differential Mobility
Analyzer (DMA) (7).
3.2 OPSS Calibration results
3.2.1 Size calibration results
For the calibration PSL particles with the sizes of 125, 147, 203, 240, 269, 296, 350,
400, 499, 539, 600, 657, 707, 799, 903 and 1020 nm were used. Conducting the mea-
surements without the DMA leads to a water peak in the measured signal in the lower
voltage range, which can be easily separated from the particle signal using a Gauss
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Figure 3.2: Left: 296 nm polystyrene latex particle measurement with DMA (see figure
3.1). Right: 799 nm polystyrene latex measurement without DMA. The red curves show the
calculated Gauss fits for each particle size.
fit (see eq. 3.1). Water peaks are caused by the smallest impurities in the distilled
water that was used for the particle generation in the atomizer. Figure 3.2 shows an
example of the size calibration analysis to clearly assign the amplified response signal
from the OPSS to the given particle diameter for two of the laboratory measurements.
The left picture shows the measurement for 296 nm PSL particles in which most of the
contamination was filtered out by the DMA. The signal distribution yGauss can then
be fitted with a Gauss calculation (shown in eq. 3.1) and the maximum of the fit x0
gives the signal corresponding to the particle diameter dp.
yGauss = y0 + A exp
−
(
dp − x0
width
)2 (3.1)
The right plot of figure 3.2 shows the measurement for 799 nm polystyrene latex par-
ticles. Because no DMA was used, there is a water peak in the measurements, which
fortunately can be easily separated from the PSL particle signal. Again the maximum
of the Gauss fit shows the assignment of the particle diameter to the amplified signal
of the OPSS.
This analysis was performed for all measurements and the results of the Gauss fit
analysis are shown in table 3.1.
The signal distribution of 125 and 1020 nm particles lies near the detection limits of
the OPSS. For those the analysis did not allow to identify the maximum of the signal
distribution, because the full shape of the Gaussian curve could not be resolved. There-
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Table 3.1: Assignment of the PSL particle diameter to the amplified signals of the OPSS
from the maximum of the Gauss fit analysis.
Polystyrene latex particle Maximum of amplified Standard deviation Sigma
diameter [nm] signal [V]
147 ± 3 1.350 0.403
203 ± 5 7.485 1.456
240 ± 6 19.43 3.507
269 ± 5 36.10 6.177
296 ± 6 60.70 10.46
350 ± 7 129.7 21.29
400 ± 5 222.1 34.50
499 ± 5 413.3 59.93
539 ± 7 434.0 62.60
600 ± 9 433.9 66.55
657 ± 8 417.0 72.21
707 ± 9 490.7 86.38
799 ± 9 569.8 137.1
903 ± 12 1019.7 164.8
fore, the measurements of these two diameters were excluded from the characterization
of the OPSS and the following development of a response function for the OPSS data.
In figure 3.3 the calibration results of table 3.1 (yellow) as well as the results of 2010
(green) [Weigelt, 2014] are shown. Both measurements display a good agreement which
leads to the conclusion that the internal parameters of the instrument have not changed
between both calibration periods. In addition to the diameters which were measured
in 2010 for the size calibration, in 2013 and 2014 more diameters were used to get a
better representation of the response function.
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3.2.2 Theoretical response function of the IAGOS-CARIBIC OPSS
for PSL particles
After the analysis of the size calibration the theoretical response function for the OPSS
was modeled with a Mie scattering program written by Thomas Mu¨ller (TROPOS) for
PSL particles, which have a refractive index of 1.578-i0.0006 [Ma et al., 2003] and using
OPSS parameters from the instrument manual [RION, 2008]. The comparison between
the theoretical calculation and the measurements in the laboratory is shown in figure
3.1.
Figure 3.3: Response function (blue) calculated by a Mie scattering program by Thomas
Mu¨ller (TROPOS) and additionally the result of the size calibration (yellow and green) for
PSL particles (1.578-i0.0006).
The comparison between the measurements and the calculations reveals that the as-
sumptions for the OPSS instrument parameters are probably not correct. The mean
deviation of measurement and calculation is around 55% in signal. Another notable
feature of the measurement data shown in the diameter range between 500 and 700 nm
is a first Mie resonance, where no unambiguous assignment of the amplified signal to a
particle diameter is possible. This feature appears in the measurements but not in the
calculation. After consulting the manufacturer of the instrument the calculations were
repeated with more detailed information about the optics inside the OPSS. This infor-
mation covers, among other topics, the perpendicular polarization of the laser light to
cover the largest particle size range.
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These new calculations were programmed by Sascha Pfeifer (TROPOS). This program
uses the Mie calculation [Bohren and Huffman, 1983] and additionally a Levenberg-
Marquardt algorithm for nonlinear multivariate fitting [More´, 1978]. With the infor-
mation of the manufacturer and the results of the size calibration in the laboratory the
program calculated the best response function by varying the instrument parameters of
the manufacturer (mean collecting angle, collecting angle range, and signal gain) in a
small range around the nominal values, whereas the laser polarization (perpendicular)
and the wavelength (830 nm) were kept constant. The results are plotted in figure 3.4
for the refractive index of PSL: 1.578-i0.0006 (blue).
Figure 3.4: Response function for apparent instrument parameters calculated with a Mie
scattering program from Sascha Pfeifer (TROPOS; blue), and additionally the results of the
size calibration for PSL particles (1.578-i0.0006; yellow).
The result of the comparison shows that the new Mie scattering program describes
the OPSS measurement characteristics very well for PSL particles under laboratory
conditions. Especially for the diameter range between 500 and 700 nm the calcula-
tion is in good agreement with the measurements where the Mie resonance occurs for
the spherical particles. This fit function was calculated with the apparent geometry
parameters of 86.3◦ for the mean collecting angle (manufacturer value: 90◦), ± 34.8◦
for the mean collecting angle range (manufacturer value: ± 40◦), and a signal gain of
4016. The mean deviation of measurement and calculation decreases to 8% in signal
and therefore this fit function will be used for all further response function calculations.
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3.2.3 Theoretical response function for the UT/LMS region
To transfer the response function for the OPSS from laboratory to UT/LMS conditions
one has to assume a certain chemical composition and a refractive index of the UT/LMS
aerosol particles. The chemical composition of the particles in the UT/LMS region
was taken from [Weigelt, 2014]. An overview of the most important and most probable
contributors is shown in table 3.2.
Table 3.2: Refractive index of the most common particle components in the UT/LMS region.
Particle component Refractive index Reference
H2SO4/H2O 1.4255-i1.503e-7 Hummel et al., 1988;
Gosse et al., 1997
(NH4)2SO4 1.52-i1.41e-7 Toon et al., 1976
Organic Carbon 1.4551-i0.001 Jaenicke, 1993;
Dick et al., 2007
Elemental Carbon 1.85-i0.71 Bond and Bergstrom, 2006
For the UT/LMS aerosol particles a composition of 45% H2SO4/H2O, 44% (NH4)2SO4,
10% organic carbon and 1% elemental carbon is assumed, based on literature values.
Using a volume mixing rule [Seinfeld and Pandis, 1998, eq. 22.44, p. 1134], a refractive
index of 1.479-i0.006 is calculated for this composition.
The calculated response function with the instrument parameters obtained by the latex
calibration (blue) and for the refractive index of the UT/LMS region (green) is shown
in figure 3.5. The response function shows the same curve progression as for PSL
particles but is shifted to higher particle diameters, because of the lower real part of
the UT/LMS particle refractive index. The reason for the same curve progression is
due to the same optic parameters. The imaginary part of the UT/LMS refractive index
does not have a large influence but the real part is smaller compared to PSL particles.
Due to this shift the Mie resonance is also shifted to a larger diameter range between
550 and 750 nm.
The calculated response function was tested for the IAGOS-CARIBIC flight data. The
results will be discussed on the basis of one exemplary flight: LH339 on 19.04.2011 from
Frankfurt to Vancouver. On this flight route the aircraft measured most of the time in
the stratosphere where a more or less homogenous distribution can be expected. After
the data processing for this flight a six hour average was calculated using only strato-
spheric data where no clouds influenced the measurements. The resulting average of
the particle volume size distribution for the refractive index of 1.479-i0.006 is displayed
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Figure 3.5: Response function for apparent instrument parameters calculated with a Mie
scattering program (blue). Additionally, the results of the size calibration for PSL particles
(1.578-i0.0006; yellow) and the calculated response function for spherical particles in the
UT/LMS region (green).
in figure 3.6 (blue). This average shows no homogenous distribution but a minimum
at 650 nm and two maxima at around 300 and 850 nm. There is no apparent physical
explanation why there should be a bimodal distribution and such a discrete peak at
higher particle diameters. There can be different possible reasons for this observation:
1. The bimodal distribution in the stratosphere is real.
2. The calculated response function does not reproduce the exact range of the Mie
resonance. As a result the particle diameters were calculated incorrectly.
3. The assumed refractive index was not the best choice for the UT/LMS region.
4. The instrument parameters concerning the optical unit in the OPSS change due
to the different ambient conditions in the UT/LMS region compared to the well-
defined conditions in the laboratory.
5. The particle refractive index and thus the response function changes strongly
with increasing particle size.
6. The response function was calculated for spherical particles but the scattered
light depends strongly on the particle shape.
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Figure 3.6: Particle volume distribution for the IAGOS-CARIBIC flight LH339 from Frank-
furt, Germany, to Vancouver, Canada, on 19 April 2011. A six hour average was calculated
using only stratospheric data. The particle volume distribution was converted for different
response functions in which the refractive index and the particle shape were varied.
The first hypothesis, stating that there is a bimodal distribution in the particle volume,
is an improbable hypothesis because most literature values show no bimodal distribu-
tion (see section 4.1.3). Only for individual measurements in volcanic aerosol such
bimodal distribution was observed by [Deshler et al., 2003], but not for representative
averages. Aerosol particles in the stratosphere have longer lifetimes than aerosol parti-
cles in the troposphere and are therefore also well mixed over large areas over the globe.
This leads to the expectation of a smooth volume distribution, especially for an aver-
age of six hours without any influence of clouds, volcanic eruptions, or tropopause folds.
The second hypothesis for the bimodal distribution is that the particle diameters were
calculated incorrectly because the response function does not reproduce the exact range
of the Mie resonance. This could cause a wrong allocation of the amplified signal to
the particle diameter and lead to the minimum and second maximum in the particle
volume distribution. To examine this hypothesis, all pulse signals in this relevant range
were summarized and averaged into one size bin. But the bimodal distribution occurs
nevertheless. Thus, a wrongly calculated range of the Mie resonance cannot be the
explanation.
One uncertainty is the assumed refractive index. This refractive index was obtained
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by a detailed literature study but there is some probability that in the individual case
the refractive index will be different. Especially during the long-distance north-south
flights, i.e. covering many different climate zones going from the LMS over the mid-
latitude UT into the tropical UT, the chemical composition of the aerosol particles
will change and therefore also the refractive index. In this thesis a sensitivity study
was carried out in order to estimate the influence of the refractive index on the anal-
ysis of the OPSS data. Figure 3.6 displays some exemplary results of the particle
volume distribution calculated with different response functions which were obtained
for different refractive indices (RI real part range: 1.39–1.55; RI imaginary part range:
0.002–0.018). All these particle volume distributions show a significant peak between
800 and 900 nm which varies mainly in amplitude. The conclusion of this sensitivity
study is that using realistic refractive indices influences the strength of the observed
second volume peak but the peak does not vanish.
In order to test the fourth hypothesis - if the instrument parameters of the optical
unit in the OPSS change somehow due to the different pressure conditions in the
UT/LMS region, data from a sensitivity test by Andreas Weigelt were used. Even
if the manufacturer permits the pressure of the sample gas up to 5000 hPa [RION,
2008] the sensitivity study was set up in the laboratory for particles with a diameter of
450 nm and different operating pressures. The result (see figure 2.8) shows a variation
of at maximum 3% in signal amplitude with decreasing pressure, which is moreover
not statistically significant. Thus, changes in the properties of the optical cell of the
OPSS due to the pressure conditions in the UT/LMS region cannot be the reason for
the peak in the particle volume size distribution.
According to the fifth hypothesis the particle refractive index and thus the response
function changes strongly with increasing particle size. As shown in table 3.2 the chem-
ical composition and thus the particle refractive index was held constant for the whole
particle size range of the OPSS. If different chemical compositions for different particle
size ranges would be assumed, every diameter section would have another refractive
index. This assumption would lead to a discontinuously response function and conse-
quently to a discontinuously particle size distribution. Figure 3.6 displays the particle
volume distribution for different possible refractive indices: the distribution doesn’t
change much for the volume distribution between 140 and 600 nm and the second peak
still occur in every scenario. Even if different chemical compositions and thus differ-
ent refractive indices would be taken into account, the bimodal structure would occur
nevertheless. Hence, the assumption of a constant chemical composition for the OPSS
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size range does not lead to this inhomogeneous distribution.
The last hypothesis, stating that the assumption of spherical particles for the UT/LMS
region is not true and that the resulting spherical particle response function could cause
the peak in the particle volume distribution, was investigated by modifying the Mie
scattering program written by Sascha Pfeifer (TROPOS) for slightly non-spherical
particles. This program is based on discrete dipole approximation [Draine and Flatau,
1994] with an implemented absorption by discrete dipole approximation [Yurkin and
Hoekstra, 2014]. This program calculates the ratio of the cross section diameter to
the volume equivalent diameter which gives then the shape factor of the calculated
particle. Different particle shapes were tested but the most likely particle which was
used to calculate the response function for the UT/LMS region has a shape factor of
1.10 [Pfeifer, 2014]. The corresponding response function is displayed in figure 3.7 (red
line).
Figure 3.7: Response function for apparent instrument parameters calculated with a Mie
scattering program (blue). Additionally the results of the size calibration for PSL particles
(1.578-i0.0006; yellow), the calculated response function for spherical particles in the UT/LMS
region (green) and the calculated response function for non-spherical particles in the UT/LMS
region (red) are displayed.
While the response functions for spherical and non-spherical particles show nearly
the same curve progression for smaller particle diameters, they differ clearly in the
larger particle range (550 nm and larger), especially in the size range where the critical
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volume peak occurs. Not only the position changed but also the shape of the response
function. The curve for the slightly non-spherical case looks smoother than the one
for the spherical particles and the Mie resonance disappears which allows a one-to-
one assignment of the amplified signal to the particle diameter. After processing the
selected time period of flight LH339 with the new response function the average of
the particle volume size distribution was calculated (eq. 3.2). The result is shown in
figure 3.6 (red line) for the assumed particle refractive index for the UT/LMS region
of 1.47–i0.006. The particle volume size distribution for the non-spherical particles
looks much smoother than the one for the spherical particles. The peak completely
disappears and the distribution looks like a Gaussian distribution. This exercise does
not prove that all particles in the UT/LMS region have the shape that was assumed
for this calculation and it is even no proof that the particles are non-spherical, but it
shows a realistic and much more reasonable result than for ideal spherical particles.
There could be other reasons and there certainly exists a broad variability in particle
shapes in the UT/LMS region, but this non-spherical response function is currently
the best function to use.
Therefore, the calculated response function for non-spherical particles, the apparent
instrument parameters, and a refractive index of 1.47-i0.006 were used for the further
OPSS data analysis and are shown in detail in the equation below, where x is the
amplified signal [V]:
f(x) =
x < 48.23 , 29.773 + 125.91 · x
0.2097
x ≥ 48.23 , A+B · x+ C · x2 +D · 10−4 · x3 + E · 10−7 · x4
 (3.2)
The corresponding coefficients for the forth-degree polynomial are shown in table 3.3.
Table 3.3: Approximate coefficients for the polynomial of the response function in eq. 3.2.
x [V ] A [1] B [1] C [1] D [1] E [1]
48.23 ≤ x < 211 222.16 2.441 −0.01336 0.456 · 10−4 −0.5825 · 10−7
211 ≤ x < 447.15 380.15 −0.6118 0.0089 −0.2638 · 10−4 0.285 · 10−7
447.15 ≤ x < 689 −13929 95.596 −0.2342 0.0003 −0.1033 · 10−6
689 ≤ x −4280.5 20.582 −0.304 0.198 · 10−4 −0.474 · 10−8
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3.2.4 Erroneous counts and counting efficiency
During the analysis of the calibration data it turned out that the data showed a number
of apparent signals with very low voltages for a discrete diameter measurement. These
apparent signals did not occur for particle-free measurements; therefore instrument
noise cannot be the reason. Signals of the water peak could also be excluded because
these counts also occurred during measurements with the DMA (see figure 3.2 left
side). For the explanation of this phenomenon the location of the particles within
the laser beam might play a role. As the laser intensity at the beam edges is lower
compared to the middle, these low signals can be the result of particles which enter the
laser beam in the outer beam region and thus produce a weakened signal indicating
apparently smaller particles. To prevent such signals, the particle-loaded airflow was
surrounded with particle-free sheath air and focuses on the center of the laser beam
[Weigelt, 2014]. This sheath air technique reduces the erroneous counts considerably
but the apparent signals do not disappear completely. About 93% of the particle pulses
in the first two size channels (140–209.5 nm) turned out to be artificial particle signals.
To find a further correction method for these erroneous counts, the interarrival times
between the particles were investigated and corresponding histograms for laboratory
measurement of PSL particles were plotted. An example for 499 nm PSL particles is
displayed in figure 3.8. It shows two features: the first one is the Gaussian distribution
of interarrival times to the right which can be expected due to a constant concentration
in the calibration setup. The second one consists of two individual peaks lying clearly
outside of this Gaussian distribution of interarrival times.
Figure 3.8: Relative frequency of the interarrival times for 499 nm PSL particles.
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When investigation of the signals leading to the two main separated peaks at low
interarrival times it was discovered that for almost each particle pair with this low
interarrival times one particle signal was very low and differs clearly from the signal
of the 499 nm particles. Even if it was not possible to find the exact physical reason
behind this effect, the above finding allows to correct the raw data for artificial particle
signals. To correct these erroneous counts, the smaller signal of a signal pair within an
interarrival time smaller than 0.0019 s was sorted out by the data evaluation algorithm.
Certainly these two corrections (sheath air technique and interarrival time algorithm)
cannot guarantee that all erroneous counts are sorted out, but they are a proper way
to reduce the artificial particle counts in the OPSS unit by 90%.
Figure 3.9: The counting efficiency of the OPSS calculated for different diameters using a
CPC as a reference instrument.
The counting efficiency is an important parameter for the OPSS data evaluation and
interpretation. It is defined as the probability that a particle counter detects a particle
of a certain diameter in the sample volume. To investigate the counting efficiency of
the OPSS the calibration setup was built up with a CPC as a reference instrument in
parallel to the OPSS (see figure 3.1). To calculate the counting efficiency equation 3.3
was used.
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ε(dp) =
NOPSS
NCPC
(3.3)
In this equation ε(dp) is the counting efficiency for a given diameter and N is the
measured particle number concentration for the corresponding instrument. After the
correction of erroneous counts, it was possible to relate the OPSS data for different
diameters to the CPC data (see figure 3.9). This was done for PSL particles during
the calibration in September 2014 as well as for ammonium sulphate measured during
the instrumental setup in 2010. The measurements of 2010 were reanalyzed because it
turned out that there were some volume flow problems which were not corrected and
therefore falsified the result. While the total particle number for PSL particles could
be directly compared between OPSS and CPC, the multiple charges of ammonium
sulphate particles had to be taken into account for the analysis [Weigelt, 2014].

4 The IAGOS-CARIBIC aerosol
concentration dataset
4.1 Data quality
4.1.1 Inside clouds OPSS measurements
Aircraft-borne aerosol measurements are subject to many potential artifacts. One
of these is the break-up of cloud droplets into hundreds of small aerosol particles
when these droplets hit the inlet tip when flying through clouds [Kra¨mer et al., 2004].
Therefore the influence of clouds on the IAGOS-CARIBIC particle size distribution
was investigated. All available tropospheric (see eq. 4.1) OPSS data above pressure
level p = 330 hPa were sorted in two latitude bands: mid-latitude (45◦N to 65◦N)
and tropical (20◦S to 20◦N). Within these regions a distinction between three cloud
regimes was made: ice clouds, mixed-phase clouds, and no clouds. Pure water clouds
do not exist at the low temperatures encountered by the IAGOS-CARIBIC aircraft.
The water vapor (H2Ogas) and cloud water content data (H2Ocloud) were available from
the concurrent in situ water measurements. When these in situ data were not available,
cloud data based on ECMWF calculated by KNMI for each flight were used.
Table 4.1: Conditions for the three tropospheric cloud regimes encountered by the IAGOS-
CARIBIC aircraft: ice clouds, mixed-phase clouds, and no clouds.
Cloud regime Atmospheric conditions
Inside ice clouds H2Ocloud > 0.04 · H2Ogas; T < -43◦C; RHice > 75%
Inside mixed-phase H2Ocloud > 0.04 · H2Ogas; T > -37◦C; RHice > 75%
Outside clouds H2Ocloud = 0; RHice > 75%
Table 4.1 shows the atmospheric condition criteria that were used to distinguish the
different cloud regimes. The temperature limits were chosen with a gap to ensure a clear
differentiation between ice and mixed-phase clouds. The H2Ocloud and relative humidity
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over ice (RHice) limits take into account the measurement uncertainties. Regarding
mid-latitude ice clouds, there are about 39 h of measurements and 85 h for no-cloud
cases. Regarding the tropical troposphere, about 23 h of the measurements were taken
in no-cloud conditions and 17 h in ice clouds. With the defined criteria for mixed phase
clouds there are in total only 20 min of measurements, which is not enough to get
statistically significant results in the mid-latitudes as well as in the tropics.
Figure 4.1: Comparison between particle size distribution measured inside and outside of
ice clouds. Left: mid-latitude troposphere. Right: tropical troposphere.
Figure 4.1 shows the medians of the particle size distribution for the different cloud
regimes; on the left side for the mid-latitude upper troposphere and on the right side
for the tropical middle troposphere. The differences between ice cloud and no-cloud
cases increase with the particle diameter up to a factor of three. The sensitivity study
in section 3.2.3 shows that the refractive index and hygroscopic properties cannot
cause the difference between the particle size distributions. Even if the refractive
index changed for ice cloud particles, the resulting particle size distribution would be
shifted to lower concentrations because the real part of the refractive index would
increase caused by more scattering. Apparently, the IAGOS-CARIBIC measurements
are subject to the cloud droplet break-up artifact effect. Fortunately, the fraction of
all inside cloud measurements is relatively low with 4.2% for the tropics and 8.6% at
mid-latitudes.
4.1.2 Counting statistics of the OPSS and CPCs
After the calculation of the particle diameter using the measured particle pulse signal
and after applying the additional corrections regarding erroneous counts, counting
efficiency (see chapter 3) and cloud measurements, the data had to be averaged over
an reasonable time and the particle number size distribution had to be sorted into an
reasonable amount of size channels. To be able to consider the data quality and to
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choose the average times and channels, histograms of the particle number concentration
of all measured particles larger than 140 nm diameter (N140) were made as shown in
figure 4.2. On the basis of the histograms the decision was made to average enough data
to maximize the representativeness but on the same time to save as much temporal
information as possible. Because of the strongly different particle lifetime in both
regions, a separation between the upper troposphere (UT; right) and the lowermost
stratosphere (LMS; left) was made, based on the in situ measured ozone (O3) values.
[Zahn and Brenninkmeijer, 2003, and Zahn et al., 2004].
O3(TP ) = 97 + 26 · sin((doy − 30)/365 · 2 · pi) (4.1)
O3(LMS) = 360 + 130 · sin((doy − 18)/365 · 2 · pi) (4.2)
O3(Border) =
(O3(TP ) +O3(LMS))
2 (4.3)
O3(TP ) refers to the lower border of the chemical tropopause, O3(LMS) to the upper
border of the extra-tropical transition layer (ExTL), and doy is the day of the year.
Figure 4.2: Histograms of the total particle number concentration between 140 nm and
1050 nm (N140) in the lowermost stratosphere (left) and upper troposphere (right).
The most frequent N140 value in the upper troposphere is approximately 50–60 cm−3 STP
and twice as much around 100 cm−3 STP, in the lowermost stratosphere. The width of
the distribution in the upper troposphere is much broader (5th percentile: 5.2 cm−3 STP;
95th percentile: 153.4 cm−3 STP) than the distribution in the lowermost stratosphere
(5th percentile: 50.7 cm−3 STP; 95th percentile: 185.4 cm−3 STP). The different dis-
tributions represent the different characteristics of the two layers. In the lowermost
stratosphere the conditions are relatively stable: besides sedimentation and sporadic
overshooting clouds, no considerable sinks are present for particles and consequently the
particles have longer lifetimes. The variability in the upper troposphere is higher be-
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cause of rapid vertical and horizontal transport and mixing processes caused by weather
disturbances. Clouds act simultaneously as particle sink and source and therefore the
particle lifetime is shorter and the variability of possible particle number concentrations
higher [Williams, 2002]. Both histograms show a near-Gaussian distribution on a log-
arithmic scale without any significant outliers which is an indication that the statistics
of the dataset is sufficient to represent the layers.
The choice of an appropriate number of channels for the particle size distribution and
the averaging time of the data are important because of the statistical uncertainties.
On the one hand, the statistical significance (Poisson statistics) could be increased by
choosing a smaller number of size channels because the particle number in every size
channel will be higher and also long averaging times increase the statistical significance.
On the other hand, much spatial and process information is lost by averaging over too
large time periods and too large size channels. As it was intended to keep the statistical
uncertainty below 20% an averaging time of 180 s, which correspond to approximately
45 km, was chosen. For the particle number size distribution 10 logarithmic equidistant
size channels were chosen which are shown in table 4.2.
Table 4.2: 10 Logarithmic equidistant size channels for the particle number size distribution
measured with the IAGOS-CARIBIC OPSS.
Size channel Lower Limit [nm] Upper Limit [nm] Center [nm]
1 140.0 171.3 155.1
2 171.3 209.5 189.7
3 209.5 256.2 232.1
4 256.2 313.4 283.9
5 313.4 383.4 347.3
6 383.4 469.0 424.8
7 469.0 573.7 519.6
8 573.7 701.7 635.6
9 701.7 858.4 777.4
10 858.4 1050.0 951.0
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The particle numbers given for the channels in the following are concentration values
normalized to the channel width, i.e. they are dN/dlog(dp) values used to plot the
particle size distribution. To calculate the real concentration in a certain size bin,
the given concentration value has to be multiplied with the difference of the logarithm
(basis 10) of the channel size borders. For the chosen data representation the respective
value is 0.087506.
dN/dlog(dp) = 0.087506 ·N (4.4)
with N the total particle number concentration [cm−3] calculated for standard temper-
ature and pressure (STP).
The probability density functions of the frequency of the particle number concentration
for each size channel (see table 4.2) are shown in figure 4.3, again for both atmospheric
regions: LMS (left column) and UT (right column).
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Figure 4.3: Probability density functions of the particle number concentration for the dif-
ferent size channels in the lowermost stratosphere (left column) and upper troposphere (right
column).
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The histograms for the relative frequency of the particle number concentration of the
first three size channels (140 nm to 256.2 nm) show all a similar Gaussian distribution.
The probability density function it is narrower for the LMS air masses and broader for
the UT air masses. The relevant maximum of the Gaussian distribution is shifted to
lower particle number concentrations with increasing particle diameter in both layers.
The size channels 4 to 7 (256.2 nm–573.7 nm) in the lowermost stratosphere and 4 to
6 (256.2 nm–469 nm) in the upper troposphere, however, show a bimodal distribution.
The maxima of the calculated Gaussian distributions for the aerosol give information
about the most probable particle number concentration in a certain size channel. Out of
these maxima values the most probable particle number size distribution can be created
(see figure 4.4). For the upper troposphere as well as for the lowermost stratosphere
the most likely particle number concentration continuously decreases with increasing
particle diameter, as expected from literature values (see section 4.1.3).
Figure 4.4: Maxima of calculated Gauss distributions for the aerosol of the OPSS size
channels. Left: lowermost stratosphere, right: upper troposphere.
The respective peaks on the left side represent the background aerosol, because the
channels show that the maximum of the distribution is shifted continuously to lower
particle number concentrations with an increase of particle diameter, which continues
for the other channels. The peaks on the right side do not fit into the curve progression
and thus occur because of dedicated events or special conditions in the atmosphere.
To analyze this phenomenon the bimodal frequency distribution was divided into two
parts: the background aerosol (left peak) and the event aerosol (right peak) which
were separated at the minimum between the two peaks. Different parameters were
analyzed to identify the air mass belonging to the event aerosol. The event aerosol
peak occurs mostly in the boreal summer season and no dependence on a special region
or day time was found. Cloud artefacts can be excluded, because cloud influenced data
were sorted out conscientiously (see section 4.1.1.). Fortunately, the IAGOS-CARIBIC
measurements provide a large variety of different parameters, and different correlations
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Figure 4.5: Correlation between the particle number concentration and acetonitrile (C2H3N)
volume mixing ratio, color coded: carbon monoxide (CO) mixing ratio. Left: the two peaks
(a and b) in the lowermost stratosphere (Channel 4 to 7); right: the two peaks (c and d) in
the upper troposphere (Channel 4 to 6).
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were checked: i.e. a correlation with sulphur (tracer for volcanic eruption) can be also
excluded. The investigation of nitrogen oxides showed that this event peak was not
caused by aircraft exhaust. Then the tracer-tracer correlation of the acetonitrile volume
mixing ratio (C2H3N) and the carbon monoxide mixing ratio (CO) was tested, in case
the right peak results from biomass burning events. Biomass burning is by far the most
dominant sources of C2H3N and also a considerable source of carbon monoxide, which
could therefore be used as a tracer for biomass burning emissions [Lobert et al., 1990,
Holzinger et al., 1999, and Koppmann, 2005].
The correlation between N140, acetonitrile volume mixing ratio (C2H3N), and carbon
monoxide mixing ratio (CO) is shown in figure 4.5. The results leads to the conclusion
that the respective left peak (a) and (c) is unaffected by biomass burning, because the
background aerosol shows no correlation between the particle number concentration
and the C2H3N values, and also the CO values are very low. The respective right peak
of the frequency distribution (b) and (d) is identified as biomass burning influenced,
indicated by enhanced values for all three parameters. There is no direct one-to-
one correlation expected between the particle number concentration, C2H3N, and CO,
because there are many other processes before, during, and after the biomass burning
event, which together with the different lifetimes influence the analyzed parameters.
The differences between the background and the event peak can also be seen in the
tropospheric data (right). The connection between the three traces is not as clear as
for the LMS. In the upper troposphere the two peaks are overlapping more than in the
LMS and a clear differentiation between the background (c) and the biomass burning
(d) aerosol is difficult, probably because the lifetimes of particles in the UT are shorter
than in the LMS. Hence, the biomass burning plume is mixed faster with other air
masses and thus the identification is less clear. This is the reason why there are some
enhanced values of particle number concentration, C2H3N, and CO in the background
UT aerosol. Size channel 7 of the UT data and also the other channels for UT and
LMS do not show this double peak structure. This can be the result of two possible
reasons: the biomass burning peak has either too low concentrations which causes
the peak to disappear in the background peak, or no biomass burning aerosol in this
particle size range in the UT was emitted or already transformed because of chemistry.
The analysis of the other size channels suggests that both possible explanations are
part of the right answer. There are some indications for biomass burning influenced
particles in the other size channels, but not as clear as for the channels shown above.
Literature values show that there should also be many smaller particles emitted by
biomass burning [Martins et al. 1998, and Rissler et al., 2006], but in this case has
to be considered that the measured biomass burning plumes have already aged over
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some time and therefore the smaller particles are already grown. So the maximum of
particles influenced by aged biomass burning events can be found between 250 nm and
470 nm in the UT and 250 nm and 580 nm in the LMS.
Concerning both layers, the frequency distributions of the size channels 8 to 10 do
not show the typical Gaussian shape anymore because of statistical problems. The
respective concentrations are so low that the Gauss curve breaks up and the peak only
appears at approximately 0.9 cm−3 STP, which corresponds to the limit of 1 particle
per 180 s.
Figure 4.6: Histograms of the particle number concentration for the different CPC sizes
(N4, N12, N18) in the lowermost stratosphere (left) and upper troposphere (right).
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The relative frequency distributions of the Aitken mode particles (N4, N12, N18: figure
4.6) show very smooth Gaussian distributions with higher particle number concentra-
tions in the UT, shifted to smaller values in the LMS region because of missing sources
up there. The nearly ideal Gaussian distribution is caused by the high amount of data
which include nearly ten years of measurements from the three CPCs.
The statistical analysis gives a good overview of the measured particle number concen-
tration for the UT and LMS region. Also for all sizes and size channels the relative
frequency of occurred particle number concentrations show Gaussian distributions and
are well understood. This evaluation shows not artificial peaks which would lead to
problems in the data analysis or indicate a special atmospheric process which could
not be identified. In total, the CPCs and the OPSS provide a consistent, statistically
significant and therefore worldwide unique UT/LMS aerosol dataset.
4.1.3 Comparison with literature data
Before analyzing the data with regard to scientific questions, a comparison with lit-
erature values is indispensable. Unfortunately, there are not many in situ measure-
ments available for UT/LMS particle size distributions. Regarding the extra-tropical
UT/LMS region four comparable datasets by [Schro¨der et al., 2002, Young et al., 2007,
Hamburger et al., 2012, and deReus et al., 2000] were used. Concerning the tropical
troposphere three comparable datasets by [deReus et al., 2001, Krejci et al., 2003,
and Zaizen et al., 2004] were used. Figure 4.7 shows the comparison of the IAGOS-
CARIBIC OPSS particle size distribution averaged over five years (June 2010 – August
2015) with these campaigns for the mid-latitude UT/LMS region (top) and the tropical
troposphere (bottom). Additional to the median OPSS particle size distribution, the
median, 10% and 90% percentiles (black lines) are plotted.
The overview substantiates clearly that a comparison of different aircraft measurements
is difficult as the variation of the particle size distribution extends over up to two orders
of magnitude. In both comparisons the curve progression of the median distribution of
the OPSS shows the same order of magnitude as the other aircraft measurements and is
consequently in a good agreement. Especially in the tropical region the measurements
are nearly congruent. With regard to the UT/LMS region the OPSS median lies a little
bit higher than regarding the other campaigns but still within the order of magnitude.
One reason for the deviation could be that for mid-latitudes the measurements were
taken in the upper troposphere as well as in the lowermost stratosphere, where the N140
increases strongly with the transition from the tropospheric to the stratospheric layer.
Due to this the average distribution can vary due to potentially different fractions of
tropospheric and stratospheric measurements.
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Figure 4.7: Comparison of particle size distributions measured with the IAGOS-CARIBIC
OPSS with literature values for the mid-latitude UT/LMS region (top) and the tropical
troposphere (bottom). The thick black line shows the IAGOS-CARIBIC OPSS median value
and the grey area includes the 10% and 90% percentiles.
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Overall, when it comes to aircraft measurements the IAGOS-CARIBIC OPSS data
show a reasonable agreement with literature values of other aircraft campaigns. Gen-
erally, in all aircraft data there is a high uncertainty because of the high aircraft speed
which strongly affects the sampling of aerosol particles. Hence it is also desirable to
compare the data to measurements taken with another sampling technique. The only
other kind of in situ data to compare the OPSS data with are balloon measurements.
This is why the dataset by Terry Deshler from the University of Wyoming [Deshler et
al., 2003] was used [www-das.uwyo.edu]. To be able to compare the IAGOS-CARIBIC
data for dry particles with the balloon data for ambient particles the IAGOS-CARIBIC
OPSS data were corrected for particulate water by shifting them 15% towards larger
particle diameters [Hermann et al., 2016]. Figure 4.8 shows the median of 784 strato-
spheric OPSS particle size distributions with corresponding 10% and 90% percentiles
and the mean of nine corresponding balloon flights in the same period. The median of
the particle size distribution of the OPSS data is always higher than the mean of the
balloon measurements (maximum a factor of three). A clear reason for this deviation
is not known at present. The different refractive index which is used by Terry Deshler
(1.45–i0.0) cannot be the reason because the sensitivity study (see Figure 3.6) showed
that the relative small change in the refractive index can not explain the differences.
One possible explanation is that the balloon data were taken only over Wyoming where-
as IAGOS-CARIBIC is flying nearly everywhere over the northern hemisphere. Even
if the aerosol is certainly well mixed and distributed over the globe in the stratosphere
it is possible that the deviation in the results is caused by different sampling areas.
A second reason could be that there are only nine balloon measurements averaged for
the comparison because only time periods without influence of volcanic eruptions were
chosen. On the one hand, nine balloon measurements are a small data base with poor
statistics and on the other hand, the influence of volcanic eruptions cannot be totally
excluded in the IAGOS-CARIBIC data because of the large measurement area. But
beside the differences in concentration values the curve progression of both curves is
quite similar.
In summary the IAGOS-CARIBIC OPSS was well characterized in the laboratory and
the comparison with literature values shows a reasonable agreement. The concentration
values are located in an acceptable range of variation and the curve progression of the
particle size distributions between 140 nm and 1050 nm is similar to all references. The
unique IAGOS-CARIBIC data thus can now be analyzed.
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Figure 4.8: Comparison of the IAGOS-CARIBIC OPSS data (black) with the balloon data
(blue) measured in the stratosphere.
4.2 Global distribution of aerosol particles
The literature comparison in section 4.1.3 shows, besides the agreement of numbers,
that there are mostly only dedicated campaign data available, which are limited in
space and time. The IAGOS-CARIBIC data allow for a nearly global and seasonal
analysis on a statistically significant basis in order to obtain information about the
spatio-temporal distribution of the aerosol particles for both the UT and LMS region.
The N4 and N12 particle number concentrations have been already discussed before
[Hermann et al., 2003, and Hermann et al., 2008]. In the following sections the N18
and N140 particle number concentrations, representing the Aitken and accumulation
mode, respectively, will be discussed for the first time.
4.2.1 Overview maps of Aitken and accumulation mode particle
number concentration
In order to get an overview of the Aitken and accumulation mode particle number
concentrations, all available data above the pressure level of 330 hPa were sorted into
the LMS and UT region (see eq. 4.1–4.3) and two seasons. The pressure level was set to
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exclude artificial measurements from take-off and landing. The seasons were defined by
the annual cycle of ozone [Randel et al., 2007, and Konopka et al., 2010] and thus differ
for the two altitude ranges: in order to account for the mainly downward transport in
the LMS January to June represents the low-ozone season while high-ozone season (in-
mixing from the troposphere) stretches from July to December. In the UT the seasons
are shifted by two months to account for the delay in transport: November to April
represents low-ozone season and high-ozone season stretches from May to October.
Within the altitude range and season the data were sorted into 10◦ x 10◦ grid cells for
latitude and longitude. To apply some minimum statistical significance of every single
grid cell the following criteria were defined:
1. at least three non-consecutive flights contribute to the grid cell to ensure that
minimum three independent atmospheric conditions are included
2. not less than 100 data points contribute to a grid cell, which corresponds to
approximately 15 min measurement time
3. the most contributing flight should not provide more than 40% of the available
data points; otherwise the calculated median would be influenced almost exclu-
sively by one meteorological situation.
The median of the particle number concentration of the accumulation mode parti-
cles in the representative grid cells is shown in figure 4.9. The upper row shows the
stratospheric data, which are available only between 40◦N and 80◦N because of the
atmospheric structure and the flight routes. The lower row shows the tropospheric
data, which are available between 30◦S and 80◦N.
In the low-ozone season the stratospheric data show relatively constant values of about
60 cm−3 STP to 80 cm−3 STP, whereas in the high-ozone season the particle number
concentration is clearly enhanced over Canada, North America, and the North At-
lantic towards Europe with more than 120 cm−3 STP. These enhanced values are mainly
caused by two different kinds of events: aerosol influenced by volcanic eruptions and
deep vertical transport of biomass burning air over North America, which is transported
by the westerly winds [Palmen and Nagler, 1949] over the Atlantic Ocean towards Eu-
rope.
In the upper and middle troposphere the accumulation mode particle concentration de-
creases from the mid-latitudes into the tropical regions in high- and low-ozone season.
This gradient is caused by the frequent deep convective clouds near the Inter-Tropical
Convergence Zone (ITCZ) which act as a sink for particles in this size range. The ver-
tical wind within the clouds lifts the accumulation mode particles up and most of them
are activated as cloud droplets and are removed as precipitation. This process can also
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Figure 4.9: Seasonal and temporal distribution of the median accumulation mode particle
number concentration (N140) for the LMS (upper row) and UT (lower row). Left: low-ozone
season; right: high-ozone season.
occur in the summer hemisphere in mid-latitude regions over the continents. Looking
at the mid-latitudes in the low-ozone season the accumulation mode particle number
concentrations are relatively constant and more variable in the high-ozone season. In
high-ozone season there are again some high median particle number concentration
values over North America because of biomass burning events. But based on the fact
that the lifetime of the particles is much shorter in the upper troposphere than in the
lowermost stratosphere the effect of biomass burning in the median values in the upper
troposphere is not as significant as the median values in the lowermost stratosphere.
Concerning the Aitken mode particle number concentration (figure 4.10), the median
values look the other way round. N18 shows a homogenous concentration around
1000 cm−3 STP in the LMS for both seasons because of missing sources and sinks. In
the UT region the maximum values are located around the ITCZ where deep convec-
tive clouds act as a source for new particle formation [Weigelt et al., 2009]. Within the
clouds the precursor gases are lifted up and are partly transformed by heterogeneous
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Figure 4.10: Seasonal and temporal distribution of the median Aitken mode particle number
concentration (N18) for the LMS (upper row) and UT (lower row). Left: low-ozone season;
right: high-ozone season.
processes. This continues in the outflow regions where they react photochemically and
finally new particle formation takes place.
Conclusively the results show on a statistically significant basis that the particles in the
LMS are mainly driven by transport processes, which can be seen for the long-living
N140 particles in high-ozone season. Furthermore, there are no sources and sinks in this
region, because of the relatively low and homogeneously distributed N18 particle num-
ber concentrations in both seasons, and associated therewith, the relatively high N140
particle number concentrations. In the UT the main drivers are the clouds, which cause
sources and sinks as well as vertical transport of particles. The analysis of this unique
dataset gives for the first time a global overview of the particle distribution (especially
in the northern hemisphere) and size range in respect of Aitken and accumulation mode
particle number concentrations.
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4.2.2 Probability density functions of particle number
concentrations for the Aitken and accumulation mode on
different flight routes
While section 4.2.1 shows the global distribution of median values for the number
concentration for the Aitken and accumulation mode particles, this section presents
probability density functions (PDFs) for the two number concentrations. For this
analysis the three areas with the most IAGOS-CARIBIC flights were chosen:
1. flight data between 40◦N and 80◦N – including all flight data in this longitude
band
2. flights from and to South America – including the airports Caracas and Bogota
3. flights from and to South Asia – including the airports Chennai, Bangkok, and
Kuala Lumpur.
For flight routes on the northern hemisphere and to South America data in both ozone
seasons are available, whereas flights to Asia were performed in boreal winter exclu-
sively.
The results for flight area 1. are shown in figure 4.11. They show the probability for
measuring a certain particle number concentration along the flight route. The ozone
level is relatively constant for the different seasons, which ensure that the averaged
measurements for every longitude band have no strong vertical differences. Because of
the enhanced lifetimes of the particles in the stratosphere, the air masses are distributed
more homogenous over the globe than in the troposphere and the concentration range
for the accumulation mode particles is limited. Most probable concentrations with
more than 30% are between 85 cm−3 STP and 100 cm−3 STP sharply along the whole
flight route. But also the probability range for the Aitken mode particle number
concentration is limited: as a result it is possible to calculate a probability density
function yprob for the flight area 1. and both particle modes, which can be used as
model input parameters or for model validation:
yprob = A+B · exp
−
(
(xc − C)
D
)2 (4.5)
with the particle number concentration xc. This probability density function is repre-
sentative of stratospheric conditions between 40◦N–80◦N. The parameter values A–D
are provided in table 4.3.
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Figure 4.11: Flight area 1. northern hemisphere: Seasonal and longitudinal probability
density function of the particle number concentration for the accumulation mode (N140,
upper row) and Aitken mode (N18, lower row) in the LMS. Left: low-ozone season; right:
high-ozone season.
Table 4.3: Flight area 1. northern hemisphere: Seasonal parameters for the Gaussian
particle number concentration distribution on the flight route.
A B C D
Jan–Jun N140 0.17 ± 0.12 33.29 ± 0.50 83.21 ± 0.36 28.63 ± 0.50
Jan–Jun N18 0.54 ± 0.10 9.90 ± 0.24 1121.6 ± 18.2 967.44 ± 28.9
Jul–Dec N140 1.85 ± 0.29 44.34 ± 1.08 90.99 ± 0.47 18.41 ± 0.46
Jul–Dec N18 0.50 ± 0.10 12.89 ± 0.27 839.09 ± 9.65 584.89 ± 14.0
The probability functions for the flight routes 2. from and to Caracas and Bogota are
shown in figure 4.12. Because most data south of 40◦N were measured in the tropo-
sphere, only tropospheric data were used for the analysis of the whole flight route 2..
Accordingly, the particle number concentration range for both particle modes is much
wider than for flight route 1. in the northern hemisphere.
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Figure 4.12: Flight route 2) South America: Seasonal and latitudinal probability density
function of the particle number concentration for the accumulation mode (N140, upper row)
and Aitken mode (N18, lower row). Left: low-ozone season; right: high-ozone season.
For every latitude band the probability distribution shows a Gaussian shape, with the
maximum of the Gaussian shifting continuously to lower concentrations into the tropics
for the accumulation mode particles and continuously to higher concentrations into the
tropics for the Aitken mode particles. Concerning both seasons and particle size ranges,
the change of the maximum of the probability density function with latitude can be
approximated by a linear function. Table 4.4 shows the parameters for the linear shift
yconc = A+B · xlat (4.6)
with yconc the maximum concentration of the Gaussian function and xlat the latitude.
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Table 4.4: Flight route 2. South America: Seasonal parameters for the shift of the maxima
of the Gaussian distributions on the flight route.
A B
Nov–Apr N140 24.49 ± 13.40 0.88 ± 0.38
Nov–Apr N18 6108.6 ± 484.0 -91.79 ± 13.80
May–Oct N140 0.43 ± 4.83 1.23 ± 0.14
May–Oct N18 10064.0 ± 823.0 -139.7 ± 23.50
For both particle size ranges the gradient increases in boreal summer because of the
more frequently deep convective clouds. A comparable course is seen in figure 4.13 for
flight route 3) from and to South Asia, where only the tropospheric data were used.
Figure 4.13: Flight route 3. Asia: Latitudinal probability density function of the particle
number concentration for the accumulation mode (left) and Aitken mode (right) in low-ozone
season.
One interesting feature could is visible in figure 4.13 for the accumulation mode parti-
cles. Between 10◦N and 35◦N concentrations higher than 200 cm−3 STP were measured.
These high concentrations were measured during flights LH365 and LH366 which were
performed in November 2011. The analysis shows that these high concentrations were
probably caused by a volcanic eruption. The Nyamuragira volcanoe is located in Africa
(1◦ 24’ 30” S, 29◦ 12’ 0” O) and erupted in November 2011. Figure 4.14 shows on the top
the frequency distribution of particulate sulphur measurements in IAGOS-CARIBIC
from 1999 to 2015 in the upper/middle troposphere (potential vorticity < 1.5 PVU)
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Figure 4.14: Top: Frequency distribution of particulate sulfur measurements in IAGOS-
CARIBIC from 1999 to 2014 in the upper/middle troposphere (potential vorticity > 1.5 PVU)
in the latitude range 0–30◦N (blue). The three samples affected by the Nyamuragira volcanoe
eruption in November 2011 are marked (red). Bottom: Calculated trajectories for the flight
section with the high accumulation mode concentrations: LH365.
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in the latitude band 0◦–30◦N. The three highest measurements of particulate sulphur,
marked in red, were made during flights LH356 and LH366. Consequently this special
event is outstanding with the high sulphur concentrations already being a good indi-
cator for volcanic influence.
To confirm this hypothesis the 5-day backward trajectories was used. Figure 4.14 (bot-
tom) shows the trajectories for the flight sequence of high accumulation mode particle
number concentration and high particulate sulphur for the flight LH365 which is also
representative for flight LH366. The calculations show that the trajectories started
geographically nearby the volcanic eruption and the color code shows that the trajec-
tories also started in lower altitudes in this region. Therefore this event is most likely
caused by the volcanic eruption of the Nyamuragira.
Besides this special feature the probability density functions for the different latitude
sections show representative particle number concentrations for the analyzed regions.
Looking at every latitude section the probability density function shows a Gaussian
shape with the maximum shifting from mid-latitudes into the tropics to lower con-
centrations for the accumulation mode particles and to higher concentrations for the
Aitken mode particles.
4.2.3 Longitudinal cross sections of particle size distribution
The Optical Particle Size Spectrometer provides beside the integral particle number
concentration also the particle size distribution for the accumulation mode particles.
Figure 4.15 shows the median values for the particle size distribution of every 5◦ lon-
gitude band between 40◦N–80◦N.
The longitudinal cross section for the LMS particle size distribution shows a similar
constant pattern like it does for the integral particle number concentration over the
whole northern hemisphere. In the low-ozone season slightly higher concentrations for
size channel 3 to 5 between 50◦W and 0◦ were visible. These increased values could be
caused by aircraft pollution because in this region the North Atlantic flight corridor
is located. This feature could not be seen for other parameters like CO and NOy but
their lifetimes are much shorter than those of the accumulation mode particles and
might then be too short to show this effect.
The representation of the UT shows a different pattern. The median of the parti-
cle size distribution shows a lot more variable values over the northern hemisphere.
Especially in the high-ozone season increased values over the region 100◦W to 50◦W
(North America/Canada) were visible. The median value might be influenced by many
biomass burning events during the hogh-ozone season.
For both seasons enhanced median values in the region between 80◦O and 120◦O over
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Figure 4.15: Longitudinal cross section for the particle size distribution (40◦N–80◦N) for
the LMS (upper panel) and UT (lower panel). Left: low-ozone season; right: high-ozone
season.
Asia could be seen. This is probably caused by anthropogenic pollution and this effect
could be also seen in the CO and NOy median values for this region. This feature is
more significant in the low-ozone season because of the more stable stratification of the
atmosphere and less mixing. The analyzed data show for the first time representative
particle number size distributions which can be used as model input parameters or for
model validation.
4.3 Comparison with the global model ECHAM-HAM
In this section a comparison between the aerosol observations by IAGOS-CARIBIC
and the global aerosol-climate model ECHAM-HAM is presented. Because of the
large number of flights the IAGOS-CARIBIC dataset allows for the first time a large-
scale comparison of Aitken and accumulation mode particle number concentrations
between observations and simulations. Potential differences might indicate both, bi-
CHAPTER 4. THE IAGOS-CARIBIC AEROSOL CONCENTRATION DATASET 62
ases in the observational dataset as well as short-comings in the atmospheric model
set-up. The disagreements will be discussed and should motivate future studies: the
IAGOS-CARIBIC data offer the opportunity for model evaluation in the LMS and UT,
an area which has been discussed being problematic in models [Schwarz et al., 2013].
The robust statistics over a long time period and the coverage of a large fraction of the
northern hemisphere makes the IAGOS-CARIBIC data very well suited for compari-
son with global models. For this thesis the used model comprises the sixth generation
of the ECHAM model (ECHAM6.3) and the second version of the aerosol chemistry
and microphysics package HAM (HAM2.3) [Stevens et al., 2013, and Zhang et al.,
2012]. The model uses 47 layers from 1013–0.01 hPa with hybrid vertical coordinates,
dependent on pressure and orography. The model layer above the layer containing the
thermal tropopause was used for the comparison with the measurements in the LMS,
and the layer below the thermal tropopause layer was taken for the comparison with
the UT measurements. The modelled aerosol data were generated using the aerosol
microphysics module M7 [Vignati et al., 2004]. All particles are attributed to one of
seven log-normal distributed modes. These modes represent four particle size ranges;
the nucleation mode, all particles smaller than 10 nm diameter, the Aitken mode, all
particles between 10–100 nm diameter, the accumulation mode, all particles between
100–1000 nm diameter and the coarse mode, which includes all aerosol particles larger
than 1000 nm. The modes are additionally classified as either water soluble particles
or insoluble particles. For all seven modes, the number and mass concentrations are
prognostic variables. From these a median diameter can be calculated. The model
simulations used in this thesis were carried out by Jacob Schacht (TROPOS).
To make the model output comparable to the measured quantities the model aerosol
number concentrations were reduced by the fraction of the aerosol that is smaller
than the lower threshold diameter of the measurements. This fraction was calculated
according to the log-normal distribution. This reduction is then applied as follows:
N18,mod = 0.82 · (NKS + ·NKI) +NCS +NCI (4.7)
N140,mod = 0.83 · (NCS +NCI) (4.8)
where Ny,mod are the modelled number concentrations, NKS and NKI are the number
concentrations for the Aitken mode, soluble and insoluble, respectively, and NCS and
NCI for the accumulation mode. It has to be noted that the median radii upon emis-
sion of the aerosol were used to derive these correction factors.
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Figure 4.16: Comparison of the accumulation mode particle number concentration (N140)
measured by the IAGOS-CARIBIC observatory (top) and modelled by the ECHAM-HAM
model (middle) for the UT in high-ozone season (left) and low-ozone season (right). At the
bottom the absolute ratio of model output to observations is shown.
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Figures 4.16–4.19 show the measured and modeled Aitken and accumulation mode
particle number concentrations in the UT and LMS, respectively. The representa-
tions show in the top panel the median values for the IAGOS-CARIBIC measure-
ments for high-ozone season (UT: May–Oct; LMS: Jul–Dec) and low-ozone season
(UT: Nov–Apr; LMS: Jan–Jun) (cf. Sec. 4.2.1). In the middle panel the correspond-
ing model results for the same time period are shown and at the bottom the ratio of
both (ECHAM/IAGOS-CARIBIC). For the representation of the model results only
those grid boxes were included, where statistically significant measurements of the
IAGOS-CARIBIC instruments were available:
1. at least three non-consecutive flights contribute to the grid cell to ensure that
minimum three independent atmospheric conditions are included
2. not less than 100 data points contribute to a grid cell, which corresponds to
approximately 15 min measurement time
3. the most contributing flight should not provide more than 40% of the available
data points; otherwise the calculated median would be influenced almost exclu-
sively by one meteorological situation.
The results in figure 4.16 show that the model simulates mainly homogeneously and
evenly distributed accumulation mode particle number concentrations along the lines
of latitude, both in high and low ozone season. Also in both seasons, the model over-
estimates the median values especially between the equator and 30◦N. The respective
concentrations are up to three times higher. These differences might occur because the
model overestimates the transport near the Inter-Tropical Convergence Zone (ITCZ)
and underestimates the resulting cloud droplet activation and washout of the accumu-
lation mode particles. This explanation goes together with the results of the modeled
Aitken mode particle number concentration for the UT and will be discussed in the
following paragraph. Over Asia the influence of the ITCZ can be seen up to 40◦N.
The wind fields of the contributing data show in most cases a low pressure system over
South West Asia (center over Iran and Afghanistan) which leads tropical air masses
influenced by the ITCZ into regions up to 40◦N. In the mid-latitudes, the absolute
ratio between the measurements and the model simulation is mostly larger, but also
partly smaller than one. The most likely reason for the underestimation over Canada
and Greenland (May–Oct) is the enhanced number of biomass burning events in North
America and Canada which causes a patchy structure in the observations (see also
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section 4.2.1). The influenced air masses are transported to higher altitudes and lead
to an enhanced accumulation mode particle number concentration in the UT.
Figure 4.17: Comparison of the accumulation mode particle number concentration (N18)
measured by the IAGOS-CARIBIC observatory (top) and modelled by the ECHAM-HAM
model (middle) for the UT in high-ozone season (left) and low-ozone season (right). At the
bottom the absolute ratio of model output to observations is shown.
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Figure 4.17 shows the same representation as figure 4.16, but for the UT Aitken mode
particle number concentration. In contrast to the accumulation mode the model un-
derestimates the values for the Aitken mode particle number concentration in nearly
every grid cell in both seasons (bottom panel). The underestimation between 0–30◦N
fits with the corresponding overestimation in the accumulation mode particle number
concentration and the explanation that the model underestimates the activation to
cloud droplets. In principle, a too small new particle formation in the outflow region
of tropical deep convective cloud systems can also be a reason for too low Aitken mode
particle number concentrations. However, the deviation of the Aitken mode particle
number concentration in model and measurements occurs also in the mid-latitudes and
consequently the underestimation of new particle formation cannot be the major rea-
son for the different results.
Roughly averaged, the measured Aitken mode particle number concentration is always
higher by a factor of two. Even if the model values were upscaled by a factor of two (to
bring them into a comparable concentration/colour range to the measurements) the
modelled values would show very homogeneously distributed concentrations along the
latitudes. A major sink for the Aitken mode particle number in the UT is coagulation.
If the Aitken mode particle number concentration is low (as in the model), also the
related coagulation rate is low. A low coagulation rate leads to longer lifetimes of the
Aitken mode particles (overestimation in the model). Consequently, the concentra-
tions are distributed more homogenously over the latitudes than the measured values.
The Aitken mode distributions suggest problems with the nucleation mechanisms or
the availability of precursor gases in the model. While writing this thesis a proposal
was submitted to the European Comission with the scope to compare different global
climate models with IAGOS measurements and investigate potential problems in the
model parametrizations.
An important transport mechanism into the UT are warm conveyor belts (WCBs), in
particular over the Atlantic Ocean [Eckhardt et al., 2004]. The spatial distribution
and expansion of the WCB outflow region in the UT is well captured by the model but
the particle number concentrations in this region are clearly underestimated (around
1500 cm−3 STP in the ECHAM-HAM model compared to more than 4000 cm−3 STP
in the IAGOS-CARIBIC measurements). The comparison of aerosol properties in
WCB outflows which are modelled with the ECHAM-HAM with a multiscale global
aerosol-climate model showed a large range of variations. The authors conclude that
“the microphysical parametrizations are a large source of uncertainty” and “further
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research is needed” on WCBs [Joos et al., 2017, Wang et al., 2014a, and Wang et al.,
2014b].
What is also apparent are two connected grid cells over South America, the only cells
where the model strongly overestimates the Aitken mode particle number concentra-
tion. These deviations can be a result of the difficulty to define the chemical tropopause
in the southern hemisphere for the IAGOS-CARIBIC data analysis. To distinguish be-
tween the UT and LMS equations 4.1–4.3 were used. This chemical tropopause layer
is based on ozone data taken from IAGOS-CARIBIC and vertical profiles observed
at 12 stations north of 35◦N [Sprung et al., 2010]. For this thesis it was tested to
down-scale the calculated ozone tropopause by 20% in ozone for the South America
region to ensure that only UT data contribute to the median value, but the median
Aitken mode concentrations did not change significantly. Hence, a wrongly calculated
tropopause height for the IAGOS-CARIBIC data is probably not the reason for the
deviation. Even though the grid cells shown in figure 4.17 in generel have good statis-
tics (10 years of data from 2005–2015), all flights contributing to those two grid cells
took place in 2005 and 2006. The analysis showed no special atmospheric situation
(e.g., strong El Nin˜o or La Nin˜a), for these two years, which can lead to deviations in
the particle number concentration.
The comparison between the IAGOS-CARIBIC measurements and the ECHAM-HAM
model for the accumulation mode particle number concentration in the LMS is shown
in figure 4.18. The ratios of both are not as large as for the UT and the ratio is al-
most always close to one. The modeled concentrations are mostly slightly larger than
the measurements, but represent the IAGOS-CARIBIC measurements very well, the
differences are within the combined uncertainty range of model and measurement (esti-
mated range: 40–50% [Textor et al., 2006]). The mean ratio of model to measurement
is 1.14 for the season Jan–Jun and 1.34 for Jul–Dec. In Sec. 4.2.1 it was found that
the high accumulation mode particle number concentrations over North America and
Canada result from influence of volcanic eruptions and biomass burning events, which
also have an impact on the LMS. In the model these sources are also considered as
contributors [Zhang et al., 2012] and the influence can be seen in the model and mea-
surement results in the same regions. For future work a deeper analysis and sensitivity
studies concerning particle lifetime and transport have to be carried out.
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Figure 4.18: Comparison of the accumulation mode particle number concentration (N140)
measured by the IAGOS-CARIBIC observatory (top) and modelled by the ECHAM-HAM
model (middle) for the LMS in high-ozone season (left) and low-ozone season (right). At the
bottom the absolute ratio of model output to observations is shown.
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Figure 4.19: Comparison of the accumulation mode particle number concentration (N18)
measured by the IAGOS-CARIBIC observatory (top) and modelled by the ECHAM-HAM
model (middle) for the LMS in high-ozone season (left) and low-ozone season (right). At the
bottom the absolute ratio of model output to observations is shown.
CHAPTER 4. THE IAGOS-CARIBIC AEROSOL CONCENTRATION DATASET 70
The results in figure 4.19 show again the same representation as figure 4.18, but for
the Aitken mode particle number concentration. In this figure the scale was changed
from 0–2000 (instead of 0–4000 as used before in section 4.2.1) to better illustrate the
differences between model and measurements. In high-ozone season, many boxes over
the Atlantic Ocean and Central Europe show an absolte ratio close to one. For the oth-
er regions the model underestimates the Aitken mode particle number concentrations
in both seasons. In generel, the model represents the measured values very well. The
mean ratio of model and measurement is 1.18 for the season Jan–Jun. In high-ozone
season (Jul–Dec) the model underestimates the concentrations in every grid cell: the
mean ratio of model and measurement is only 0.56.
Overall, the IAGOS-CARIBIC measurements and the ECHAM-HAM model show a
relatively good agreement within one order of magnitude. One problem between mea-
surements and model is the definition of the tropopause region: the model uses the
thermal tropopause, which is usually situated a little bit higher than the chemical
tropopause, which was used for the measurement analysis. Furthermore, the defined
criteria for the statistical significance of the IAGOS-CARIBIC measurements may not
always be sufficient for the comparison of both.
5 Influence of
Stratosphere-troposphere exchange
processes on aerosol particle
number concentration
The seasonality of transport into the upper tropopshere and lowermost stratosphere
(UT/LMS) for different atmospheric parameters is still an important topic in research.
The unique dataset of the IAGOS-CARIBIC research infrastructure allows now a de-
tailed analysis concerning the seasonality of transport of aerosol particles into the
tropopause region with up to 10 years of data for the first time. Another advantage
of this dataset with the extensive coverage of the northern hemisphere is that different
transport pathways can be identified and the aerosol particle number concentration for
different size ranges and the aerosol particle size distribution which are representative
for the different pathways between the UT and LMS can be analyzed on a statistically
significant basis. Besides the seasonality, four different pathways into the UT/LMS will
be discussed in this thesis: warm conveyor belts, Brewer-Dobson circulation, transport
along isentropes, and outflow from tropical deep convective clouds.
5.1 Data overview
For a first overview the aerosol data were sorted by seasons using the potential tem-
perature and the equivalent latitude. The potential temperature θ (see eq. 5.1) is the
temperature of an air mass, which is brought adiabatically to surface pressure:
θ = T ·
(
p0
p
)RL
cp
(5.1)
In this equation T is the temperature in [K], p0 the surface pressure (1013 hPa), p the
pressure of the air mass, RL the specific gas constant for dry air (287 J kg−1 K−1)),
and cp the specific heat capacity of the air (1005 J kg−1 K−1)). Hence, the potential
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temperature allows a comparison of temperatures of different air masses. Because of the
temperature profile of the atmosphere, it also provides information about the altitude
and can be used as a vertical coordinate. The equivalent latitude gives information
about the origin of the air mass and can be defined as the projection of the conventional
latitude on the hemisphere under the assumption that the areas of the same potential
vorticity (colored areas in figure 5.1) form circles around the pole [Pan et al., 2012].
A schematic example is given in figure 5.1. The equivalent latitude thus provides the
information for which latitude a measured air mass is on average representative for
with the corresponding formula shown in equation 5.2 with A(PV ) as equal area of
potential vorticity and R the radius of the Earth.
Figure 5.1: Scheme of the transformation of the conventional latitude (upper picture) to the
equivalent latitude (lower picture) of the northern hemisphere. The colored areas are areas
with the same potential vorticity. The black dot shows an exemplary shift [www.ncl.ucar.edu].
Φ = sin−1
(
1− A(PV )2piR2
)
(5.2)
The advantage of this representation is that the influence of dynamical features (e.g.
Rossby waves), which contribute significantly to a variability in geographical distribu-
tion, can be neglected [Bo¨nisch et al., 2009].
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Figure 5.2: Comparison of two different analysis for the Aitken mode particles (N18) in au-
tumn (SON): median values of the number concentration (color code) sorted for the potential
temperature and the conventional latitude (left) and the equivalent latitude (right).
The changes in the representation of the two different latitudes can be seen in figure
5.2. On the left side the analysis of the Aitken mode particle number concentration
(N18 with the conventional latitude on the x-axis and the potential temperature on
the y-axis is shown. The right side in figure 5.2 shows the same dataset, but now
the calculated equivalent latitude was used for the analysis. For both analysis only
data above the pressure level p < 330 hPa were used to exclude measurement biases
from departure and landing of the IAGOS-CARIBIC aircraft. All data between 30◦N
and 80◦N were sorted seasonally in boxes with potential temperature steps of 5 K and
equivalent latitude steps of 10◦. To verify the statistical significance of every box the
same criteria as in chapter 4 were applied: at least three non-consecutive flights to
ensure that minimum three independent atmospheric conditions contribute to the grid
cell, not less than 100 data points, which correspond to approximately 15 min for the
CPC, not less than 10 averaged blocks (around 180 data points), which correspond
to approximately 30 min for the OPSS, and the most contributing flight should not
provide more than 40% of the data points; otherwise the calculated median would
be influenced almost exclusively by one flight situation. The black lines show the
averaged potential vorticity isolines taken from European Centre for Medium-Range
Weather Forecasts (ECMWF), which indicate the tropopause region. The isolines
are tilted in this representation because the altitude of the tropopause changes on the
northern hemisphere: around 6–8 km at the pole and up to 16–18 km near the equator.
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Figure 5.3: Seasonal variation of the median particle number concentrations for the Aitken
(top, N18) and accumulation (bottom, N140) mode particles in the UT/LMS. The solid lines
(black) indicate the PV-isolines (tropopause region ≈ 1.6–3.5 PVU).
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The comparison of the results of both analysis methods in figure 5.2 shows that the
use of the equivalent latitude contains much more information about the measured air
masses than the conventional latitude. Especially air masses which have a tropical
signature and high particle number concentrations disappear when using the conven-
tional latitude for the analysis. Also air masses which are representative for the polar
region between 80◦N and 90◦N get lost by using the conventional latitude for such an
analysis. Additionally, the transition from the UT to the LMS is not as sharp for the
equivalent latitude as for the conventional latitude, which is more correspondent to the
knowledge that the tropopause is a dynamical layer with a variable vertical extent and
not a line type barrier.
Figure 5.3 shows the seasonal median values of the particle number concentration for
the Aitken (N18, top) and accumulation (N140, bottom) mode particles in an equiva-
lent latitude versus a potential temperature coordinate system. The nucleation (N4−12)
mode particle number concentration is not presented as the lifetimes of these particles
are too short to gain representative results.
There is no similar dataset or analysis available in literature, thus, this analysis pro-
vides new information on several aspects of the UT/LMS aerosol. In winter (DJF) the
atmosphere has the most stable stratification in the UT/LMS region and the tropo-
pause functions as a transport barrier. Because of that both particle modes show
clearly separated layers along the tropopause in figure 5.3 (between green and blue
colors). The accumulation mode indicates lower particle number concentrations in the
troposphere (below the 3 PVU line) and higher concentration values in the stratosphere
(above the 3 PVU line). The Aitken mode particles show the opposite structure. In-
terestingly, the stratification is so stable, that the Aitken mode particles do not enter
the stratosphere and form a reservoir layer right below the tropopause with concentra-
tions around 2000–2500 cm−3 STP and lower values below in the upper troposphere.
For the accumulation mode particles a gradient from 20 cm−3 STP in the UT up to
100 cm−3 STP in the LMS with a clear slope in the tropopause region is visible.
The structure changes in spring (MAM). Butchart and already Brewer showed that
the downward motion from the upper branch of the Brewer-Dobson circulation (BDC)
has its maximum in winter [Butchart, 2014, and Brewer, 1949]. Because of the slow
movement in those altitudes the effects of this circulation can be first seen in spring
in the UT/LMS. In particular the accumulation mode particles show a clear change
in structure from winter to spring and higher values up to 100 cm−3 STP in the LMS
(which were seen in winter only in the highest measured altitudes of the LMS) and
along the tropopause as well as in the UT. These higher concentrations occur mainly
in higher latitudes, where the downward transport of the deep branch of the Brewer-
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Dobson circulation is most dominant. This feature cannot be seen as clear for the
Aitken mode particles as for the N140 concentrations. Also a decomposed structure
is observed. There are two notable features in the N18 data. On the one hand the
maximum values in the UT and equivalent latitudes near the equator and on the other
hand the two boxes in the LMS with enhanced values near the pole with PV values
higher than 9 PVU. Unfortunately, for the first feature nearly no information on the
accumulation mode particles is available, because of the smaller number of flights with
the Optical Particle Size Spectrometer (OPSS). With a related minimum in the accu-
mulation mode particle number concentration one hypothesis would be a tropical deep
convective cloud outflow feature (see discussion on summer data below), but without
further information about the N140 particles no explicit analysis can be done. The
second feature might be influenced by the breakdown or abrupt weakening of the polar
vortex in winter, but the air masses should be transported downward to the tropo-
sphere on a time scale of a few weeks [Woo et al., 2015]. Unfortunately, this feature
can only be seen between 80◦N and 90◦N equivalent latitude. Furthermore, there is
no significant feature in the N140 data and no information concerning this equivalent
latitude in winter to compare the values to. Consequently, an explicit analysis is not
possible. Obvious in spring is the decomposed structure because of the strong down-
ward motion of the deeper branch of the Brewer-Dobson circulation after the very
stable stratification in winter.
The structure changes again in summer (JJA). For the accumulation mode particles a
separated structure (as in winter) is not visible anymore. The concentrations show a
various pattern, because the free lowermost stratosphere consists of a mixture of old
and young air masses. The young air masses (one to two months old) were transported
via the lower branch of the BDC from the tropical tropopause region into the free LMS.
At the same time old air masses, which were transported mainly in winter with the
deeper branch of the BDC, are still present in this reservoir [Stohl et al., 2003]. Besides
this mixture of air masses and various concentrations in the UT/LMS two interesting
features are visible for the N140 particles. The first is a significant minimum in the
tropical UT at potential temperatures between 340 K and 350 K and the second is a
significant maximum in higher latitudes extending from the tropopause region up to
altitudes (PVU > 9 PVU) deep in the lowermost stratosphere. For the Aitken mode
particles can be seen low concentrations in the stratosphere and higher concentrations
in the troposphere. Remarkable is that the higher concentrations, which were blocked
in winter and spring in the tropopause region, reach altitudes up to 7 PVU, especially in
the mid-latitudes. This is mainly due to the enhanced dynamics in summer in the UT;
the tropopause is more permeable and transport into the LMS has its maximum [Stohl
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et al., 2003]. As a result, also higher Aitken mode particle number concentrations can
reach such altitudes. Another interesting feature is the maximum in the UT at lower
equivalent latitudes which is co-located with a minimum in the accumulation mode
particle number concentration shown in figure 5.3. Both features can be separated
discretely from the air masses above or below. The occurrence of these two opposite
phenomena results in the outflow of air masses out of deep convective clouds. In the
Inter-Tropical Convergence Zone (ITCZ) deep convective clouds lift particles and par-
ticle precursor gases into the tropical UT. If the particles are large enough, they can be
activated as cloud droplets and fall out as precipitation. In the deep convective cloud
outflow region (mainly 12–15 km altitude) the transported precursor gases (mainly SO2
and organics) react with the available OH radicals, forming sulphuric acid in the pres-
ence of H2O. Subsequently, new particle formation can increase the number of the
Aitken mode particles significantly. Folkins and Martin modeled the vertical structure
of tropical convection and located the deep outflow layer in 10–14 km altitude broadly
equivalent to 340–355 K potential temperature [Folkins and Martin, 2005]. This model
result matches with the observations presented in this thesis. The maximum in the
N18, the corresponding minimum in the N140 particle number concentration and the
modeled deep convective outflow layer occurs exactly in the same altitude. This feature
can be identified as air masses, which flew out of deep convective clouds in the tropical
region and are mixed into the ambient air. It is remarkable that the observation, as
well as the model simulation, can be discretely separated from the air masses around.
That the N18 concentrations are obviously so high within the deep convective outflow
that even if the air masses are mixed into the higher proportion of ambient air, they
can be easily identified for the median values (up to 5000 cm−3 STP) in figure 5.3.
The second feature, enhanced values of the N140 concentrations from the UT up to the
higher LMS regions, is not related to a corresponding feature in the N18 concentrations,
where all values in the stratosphere are constantly low at around 100 cm−3 STP. The
high accumulation mode particle number concentration with values between
100 cm−3 STP and more than 160 cm−3 STP were analyzed in more detail. Notewor-
thy, figure 5.3 shows statistically significant median values. Thus, this feature seems to
occur on a regular basis and data of different years contribute to this maximum. This
feature seems to be persistent.
To identify the origin of the accumulation mode maximum in the summer LMS, the
correlation of the accumulation mode particle number concentration with several trace
gases was investigated. Again, this is only possible with the IAGOS-CARIBIC system,
which offers such a broad range of additional trace gas information. One of the most
promising trace gases is acetonitrile, a clear tracer for biomass burning [Lobert et al.,
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1990, Holzinger et al., 1999, and Koppmann, 2005]. The analysis showed that most
of the flight routes, contributing to the LMS maximum, took place along regions with
frequent biomass burning events. Figure 5.4 shows the accumulation mode particle
number concentration versus the acetonitrile volume mixing ratio (C2H3N) for all data
with the equivalent latitude between 60◦N and 90◦N, as well as the potential tempera-
ture between 325 K and 345 K. Additionally, the color code shows the carbon monoxide
mixing ratio. The red dashed line shows an approximate border C2H3N ≥ 200 pptv is
a clear indicator for the influence of biomass burning. Unfortunately, not for all mea-
surement points within this box the C2H3N values are available, because of the duty
cycle of the Proton Transfer Reaction Mass Spectrometer (PTRMS). But 44.8% of the
available C2H3N data are higher than 200 pptv and with the according enhanced CO
values the aerosol can be clearly assigned to be influenced by biomass burning events.
Figure 5.4: Correlation between the accumulation mode particle number concentration and
acetonitrile volume mixing ratio (C2H3N). The color code shows the carbon monoxide mixing
ratio (CO). The red dashed line shows the approximate threshold value at C2H3N = 200 pptv,
larger values being indicative as a clear biomass burning indicator.
Another useful tracer is the ratio of particulate sulphur to ozone. As both are formed
in the middle stratosphere and their lifetime is long enough to be considered as con-
servative tracers in this context, this ratio should stay fairly constant over the years
[Martinsson et al., 2009]. However, in case of volcanic eruptions reaching the strato-
sphere, additional sulphur is injected into this region, increasing the ratio of particulate
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Figure 5.5: Normalized particulate sulphur to ozone ratio. Shown are all data within the
accumulation mode LMS maximum in summer. The color code shows the ratio of particulate
sulphur to ozone normalized by the same ratio for volcanic quiescence periods (1 = no volcanic
influence [Martinsson et al., 2009]).
sulphur to ozone. Figure 5.5 illustrates the ratio of particulate sulphur to ozone for all
samples taken in the accumulation mode LMS maximum. In total, for half of the data,
which contribute to this maximum, also the filter analysis is available. Furthermore,
for nearly every available filter analysis an influence of volcanic emissions can explicitly
be seen. Martinsson already showed that volcanic eruptions with a volcanic eruption
index (VEI) ≤ 4 can also reach the stratosphere and influence the composition of the
aerosol in that altitude [Martinsson et al., 2009]. Additionally, this analysis shows that
air masses with a biomass burning or volcanic imprint can reach altitudes deep in the
LMS with PVU values much higher than 9 PVU on a regular basis.
Finally, the Aitken and accumulation mode particle structure around the tropopause
changes again in autumn (SON). For the N140 concentration the pattern gets again clos-
er to the concentration pattern which was observed during the winter months (DJF),
but still with a few significant differences: the concentration values in the UT region
are even lower than in the winter months and at the same time the concentrations in
the LMS are higher than in DJF with values exceeding 160 cm−3 STP. In autumn, the
LMS region is dominated by relatively young air masses (one to two months), which
are transported via the lower branch of the Brewer-Dobson circulation (see discussion
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of the summer plots). During transport in tropical deep convective clouds, most of the
accumulation mode particles are activated as cloud droplets and mostly particles with
smaller diameters are formed and transported across the tropical tropopause via the
lower branch of the Brewer-Dobson circulation to the free LMS. The enhanced values
in SON for the N140 particle number concentrations have to be a result of particle
aging, i.e. particle growth and coagulation during transport, because the Aitken mode
particle number concentration shows no enhanced values, which would be otherwise
expected. The Aitken mode concentrations show a similar picture as in summer, the
same order of magnitude for the LMS data and maximum values up to 5000 cm−3 STP
in the UT region. The only difference is that the region of the maximum is extended
compared to JJA. The reason for this feature is still aerosol influenced by the tropical
deep convective cloud outflow layer. This change is coupled with the shift of the ITCZ,
which is larger over South Asia than the rest of the world and consequently has a higher
variability in potential temperature.
Summarizing the above, the presented analysis shows for the first time statistically sig-
nificant median values for the different seasons and how they are basically influenced
by aerosol sources and transport processes. It has been shown how the concentration
structure for the Aitken and accumulation mode particles changes in the course of the
year because of atmospheric transport processes, like the upper and lower branch of
the Brewer-Dobson circulation or deep convective cloud systems. In summer, main
aerosol particle sources are biomass burning events and transported volcanic aerosol,
and its effect is much stronger than expected, whereas in winter the assumed stable
stratification is clearly visible.
5.2 Transport via warm conveyor belts
Warm conveyor belts (WCBs) are ascending moist airstreams in extratropical cyclones,
which rise from the boundary layer to the upper troposphere on the time scale of two
days [Cooper et al., 2002, and Eckhardt et al., 2004]. At the same time, they can
rapidly transport air masses over large distances: from one continent to another [Stohl,
2002, Arnold et al., 1997, Bethan et al., 1998, and Stohl and Trickl, 1999]. Stohl and
Eckhardt calculated trajectories using reanalysis data and found out that around 6% of
WCBs can cross the tropopause region and influence the LMS region (e.g. the chemical
composition) [Stohl, 2001, and Eckhardt et al., 2004]. But usually WCBs transport the
air masses to the UT region where they are distributed horizontally and then can reach
the LMS region by tropical upward transport processes. There are several literature
studies, which characterized the WCBs and their effects [Stohl, 2001, Eckhardt et al.,
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2004, Joos and Wernli, 2012, and Madonna et al., 2014], but up to now no explicit
studies about their influence on aerosol particle number concentration and size distri-
bution based on measurements have been done. The IAGOS-CARIBIC data enable a
statistical analysis even for different particle modes.
The first approach to identify WCBs in the IAGOS-CARIBIC dataset was only based
on measured parameters, thanks to the manifold instruments onboard, with the fol-
lowing criteria: only tropospheric data were used, i.e. the ozone level should be
O3<O3(TP ) (compare eq. 4.1); furthermore, the data were sorted by pressure level
p< 330 hPa to exclude influence by aircraft departure or landing; by the in situ and
highly resolved measurements of water vapor H2Ogas> 50 ppmv and the calculated rel-
ative humidity over ice RHice > 50% [Zahn et al., 2014]. The results did not show any
difference to the UT background. This leads to the conclusion that the defined criteria
are certainly correct but not sufficient to distinguish WCBs from background values
and will therefore not be presented here. A second approach was made, using addition-
al to the already defined criteria from measurements the calculated trajectories offered
by The Royal Netherlands Meteorological Institute (KNMI) (http://projects.knmi.nl).
Further conditions were formulated to identify WCBs: the air mass has to ascend more
than 450 hPa within two days, travel more than 5◦ latitude to the north and 10◦ longi-
tude to the east, and the event has to occur on a latitude > 25◦N [Eckhart et al., 2004].
For the analysis two species of WCBs were distinguished: young WCBs, which ascend
within the first two days of the trajectory, and old WCBs, which ascended earlier,
between day three and eight of the trajectory. The second approach combines criteria
from calculated model data which capture WCB events very well, but additionally the
measured in situ parameters were used to ensure that only WBCs were analyzed in the
data below.
All data were sorted by these criteria and the geographical locations of the appropriate
data are shown in figure 5.6. The accumulation mode particle number concentration
is shown by the color code. It can be clearly seen that most data, which fulfill the
defined criteria, are located over the Atlantic Ocean and North America/Canada. This
result agrees well with the model calculations by [Eckhardt et al., 2004, and Madonna
et al., 2014], who found that the main point of WCB origin is firstly Central America,
and secondly the Pacific Ocean. The development direction of the WCBs starting in
Central America is to the north-east over the Atlantic Ocean, and those starting over
the Pacific Ocean develop north-east over North America and Canada. Unfortunately
the IAGOS-CARIBIC aircraft is limited in space (fixed flight routes) and time (once per
month: four intercontinental flights), so the dataset cannot give a proof that WCBs
are more frequent in winter than in summer [Stohl, 2001] and the aircraft cannot
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Figure 5.6: Geographic location of the IAGOS-CARIBIC aircraft, where the defined WCB
criteria are fulfilled (all WCBs); the color code shows the accumulation mode particle number
concentration.
turn around to capture the phenomena in more detail within their development over
time. But the sorted data, which are shown in figure 5.6, contribute 3.3% of the
whole background dataset for the UT, which also agrees very well with Eckhardt et
al. [Eckhardt et al., 2004]. The colored N140 particle number concentration shows a
wide variability of values between nearly 0 cm−3 STP and more than 100 cm−3 STP,
because the sorted WCBs were measured at different stages of development. By reason
of that wide variability the data were sorted into the two different cases of young and
old WCBs, which were already described above.
To analyze the impact of WCBs on aerosol particles, histograms for the particle num-
ber concentration for the three particle modes and both types of WCBs were calcu-
lated. Figure 5.7 shows the nucleation mode particles at the top (orange), the Aitken
mode particles in the middle (blue) and the accumulation mode particles on the bot-
tom (green) for three cases: the young WCBs (respective top), the old WCBs (re-
spective middle), and the UT background aerosol (respective bottom). Fortunately,
to all WCB cases contribute 14.3 h up to 27.3 h of measurements. The background
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Figure 5.7: Histograms of the particle number concentration for the nucleation mode par-
ticles (top – orange) with the relative frequency of the zero values on the left axis and the
other values on the right axis for more details. Histograms of the particle number concentra-
tion for the Aitken (middle – blue) and accumulation mode particles (bottom – green). The
comparison shows the WCBs which were ascending within the last two days of measurements
(respective top), the WCBs which were ascending earlier than the last two days (respective
middle), and the background distribution (respective bottom). All results were fitted (if
possible) by a Gauss distribution (red).
aerosol shows for all size modes a very smooth gauss distribution, with the maximum
at 828 cm−3 STP for the nucleation mode, 3229 cm−3 STP for the Aitken mode and
approximately 27 cm−3 STP for the accumulation mode. The probability distributions
for all modes and for young and old WCBs are different from the background distri-
bution and different to each other. As expected, the maximum of the fitted Gauss
curve is shifted to a lower concentration (23 cm−3 STP) for the N140 particle num-
ber concentration in young WCBs, because more of the bigger particles are activated
as cloud droplets and already fell out as precipitation. At the same time the most
probable concentration for the N18 particles is shifted to higher concentration values
(3514 cm−3 STP), because of new particle formation in the outflow of the deep convec-
tive system within the WCB. The most interesting feature could be observed in the
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histogram of the nucleation mode particle number concentration. For young WCBs the
distribution shows a bimodal structure and it was not possible to fit a clear Gauss curve
for the data. These two peaks depend on the status of the young WCB and the time
point when the aircraft passes the ascending air masses: directly during a new particle
formation event (peak at higher concentrations) or later (peak at lower concentrations),
when the newly formed particles are already aged and out of the range of 4–12 nm. For
the older WCBs, which ascended between day 3 and 8, the results change: for the N140
concentration the maximum is shifted to higher concentrations than the background
(40 cm−3 STP) and the maximum of the N18 concentration is shifted to smaller val-
ues than the background (2170 cm−3 STP). As expected, the nucleation mode particle
number concentration does not change compared to the background (730 cm−3 STP).
The result of the ascending air mass is the activation of the accumulation mode parti-
cles, which fall out, and on top of the cloud system new particle formation takes place
(young WCBs). After this event, the small particles which occur because of the new
particle formation grow and the Aitken mode particle number concentration decreas-
es, compared to the background. According to that, the accumulation mode number
concentration increases and exceeds the background value. Unfortunately, the effect is
not as clear as expected. One reason can be the temporal resolution of the measure-
ments: the aircraft passes the WCBs at different stages of development and therefore
the occurring particle number concentration varies in a wide range. A more likely ex-
planation is the shift of the minima and maxima in the different size ranges because of
coagulations. After calculating the coagulation rates from Baron and Willeke [Baron
& Willeke p. 91 f., 2001], it turned out that the shifts fit perfectly with the calculated
coagulation rates: the Aitken mode particle number concentration is roughly halved
from young to old WCBs and at the same time the accumulation mode particle number
concentration is roughly doubled.
Besides a few special measurement campaigns [Vaughan et al., 2003, and Cooper at
al., 2004] and model calculations [Joos and Wernli, 2012, and Madonna et al., 2014],
where WCBs were investigated, the IAGOS-CARIBIC dataset provides also informa-
tion about the particle size distribution. Figure 5.8 shows the mean particle number
size distribution for the UT background aerosol (blue), the sorted old (yellow) and
young (red) WCBs. As already shown in figure 5.7, the most probable total accu-
mulation mode particle number concentration decreases for the cases of young WCBs
compared to the background and increases for the old WCBs. Associated therewith,
the particle number size distribution for young WCB is continuously lower than the
background distribution and the size distribution for the older WCBs is continuously
higher than the background. But interestingly, the differences between the distribution
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Figure 5.8: Mean particle number size distribution for the three cases: background aerosol
(blue), old WCBs (yellow), and young WCBs (red).
of the background and young WCBs are very small, but much higher between the back-
ground and old WCBs. An influence of special atmospheric events (like BB or volcanic
eruption) can be excluded – the higher particle size distribution results from particle
aging and corresponding growth after the new particle formation during the ascending
air. This seems to have a bigger influence than the loss of accumulation mode particles
in the ascent of the air and corresponding young WCBs. In summary, the analysis gives
an overview of the occurring Aitken and accumulation mode particle number concen-
tration as well as the expected values for the particle size distribution. Additionally,
the differences to the appropriate UT background values were shown.
5.3 Brewer-Dobson circulation
The Brewer-Dobson circulation is characterized by tropospheric air ascending into and
rising in the stratosphere near the equator, then moving poleward before descending at
mid-latitudes on the lower branch and high latitudes on the deeper branch [Butchart,
2014] into the lowermost stratosphere. The first attempt to explain the BDC was made
by [Dobson et al., 1929], but even after nearly 90 years of research and many new
available findings in this field [Austin and Li, 2006, Bo¨nisch et al., 2011, Brewer, 1949,
Boyd, 1976, Bunzel and Schmidt, 2013, and Randel et al., 2006], many fundamental
CHAPTER 5. INFLUENCE OF STRATOSPHERE-TROPOSPHERE EXCHANGE PROCESSES ON AEROSOL
PARTICLE NUMBER CONCENTRATION 87
questions still remain because of the scarcity of observations in the respective altitude
range. The IAGOS-CARIBIC dataset allows for the first time an analysis of the particle
number concentration for different particle modes and the size distribution, which can
be assigned to the pathway of the BDC. Because of the high number of instruments
onboard the aircraft, it is possible to sort data, which were most probably transported
by the BDC into the LMS region. The criteria were defined by Zahn et al.: the ozone
concentration has to be larger than O3 > O3LMS (compare eq. 4.2) and the appropriate
value for water vapor has to be lower than 8 ppmv. These criteria select the data, which
represent on average air masses with the signature of the BDC [Zahn et al., 2014].
After sorting the data for the defined criteria and seasons, the individual subsets still
retain good statistics: at least 24 h for the N140 data in winter (DJF) up to nearly
100 h for the N18 data in spring (MAM) which is also seen in mostly relatively smooth
Gauss-curve shapes. Figure 5.9 shows the seasonal probability density function of the
three particle number concentrations: the nucleation mode (N4−12: orange), the Aitken
mode (N18: blue) and the accumulation mode (N140: green). Obviously, the Aitken
and accumulation mode concentrations change in the course of the year and thus it is
important to analyze the aerosol transported by the BDC seasonally.
In autumn (SON), the LMS reservoir contains almost exclusively fresh and young air
masses, which were transported via the lower branch of the BDC into the LMS (trans-
port duration about 1–2 months [Boering et al., 1996]). A very narrow distribution of
possible N140 concentrations between 80 cm−3 STP and 120 cm−3 STP can be seen, as
well as a smaller second peak around 200 cm−3 STP. Because of the dominant relative
frequency, the first peak very likely represents the transported concentrations from
the tropospheric background. The second peak with lower frequency values seems
to contain tropospheric air masses from particular events, which transported higher
concentrations into the LMS. Unfortunately, no acetonitrile volume mixing ratios are
available for the data, which contribute to the second peak and thus, no influence of
biomass burning can be examined. But for approximately 60% of the measurement
points in this peak the particular sulphur to ozone ratio is available. All calculated ra-
tios show clearly enhanced values compared to the non-volcanic reference ratio. Thus,
the transported aerosol in the second peak is influenced by volcanic eruptions. For the
Aitken mode particles the most probable concentration appears between 30 cm−3 STP
and 40 cm−3 STP, but the concentrations are much more variable than the accumu-
lation mode particle number concentration, which reflects the shorter lifetime of the
Aitken mode particles. N4−12 particles are mainly non-existing, only some measure-
ment data attain values larger than zero. Therefore, particle sources and new particle
formation in the LMS can be excluded in winter.
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Figure 5.9: Probability distribution of the particle number concentration for different sea-
sons and particle modes: nucleation (orange, zero value left axis, distribution right axis),
Aitken (blue, right axis) and accumulation mode (green, left axis) particle number concen-
tration. Furthermore every distribution was fitted by a Gauss function and the maximum
values were added in the respective box.
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In winter (DJF), also mainly no particles between 4 nm and 12 nm exists. The N140
particle number concentration varies also in a small range between 80 cm−3 STP and
120 cm−3 STP, and varies in the same range as the distribution in autumn. The N18
probability distribution is much broader and the values are also shifted to larger con-
centrations. As already mentioned in section 5.1, the atmosphere has a very stable
stratification in winter and only little exchange between UT and LMS occurs. There-
fore, it is unlikely that the shift to higher concentrations is caused by UT/LMS exchange
processes at mid-latitudes. Furthermore, coagulation of particles is highly unlikely, be-
cause of the low particle number concentrations. One reason can be the ageing of
particles. The defined criteria sort data with very low water vapor values and hence
condensation of water may not occur, but condensation of different organics may occur.
A more likely reason is the inmixing of another air mass. The main transport pathway
in winter is the downward transport from the upper branch of the BDC downwards at
higher latitudes and the polar region, which seems to be the only influence of the air
masses in this reservoir. Consequently, the admixture of those older air masses causes
the change in the occurring distribution of particle number concentrations, and this
change means that the upper branch of the BDC transports a wide variability of differ-
ent particle number concentration for the Aitken and accumulation mode. Because of
the slow vertical movement in the middle stratosphere the effect of the transport from
the upper branch of the BDC into the LMS can mainly be seen in spring (MAM).
In spring (in contrast to autumn) mainly old air masses can be seen, which were trans-
ported with the upper branch of the BDC to higher latitudes in winter. They fill
the LMS reservoir almost exclusively. Again, the N4−12 particle number concentration
is the same as in winter: the most probable value is zero, but characteristic for this
season is that the N18 values are shifted to higher concentrations and the distribution
becomes again broader compared to winter and autumn. Furthermore, the distribution
of N140 concentrations becomes broader. Particles, which were transported with the
upper branch of the BDC have no sources and sinks on their way, so consequently
the transported air masses, which fill the LMS reservoir in spring, are mainly old air
masses which were transported over several months to years from the tropical upper
troposphere [Boering et al. 1996]. Because of that, the N140 particle number concen-
tration is shifted to lower values. In the tropical upper troposphere most of the N140
particles were already activated as cloud droplets in the convective systems and lower
concentrations were transported on the upper branch of the BDC. According to that,
the distribution for the N18 particle number concentration is shifted to higher values
because of the new particle formation in the outflow region of tropical deep convective
systems. The transported concentrations are preserved on their way. The air masses
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are too dry for particle growth due to condensation, and coagulation can be neglected,
as the the water content and the particle number concentrations are too low.
In summer (JJA) the distributions of the particle number concentration become more
irregular, because of the mixture of different contributing air masses. The LMS reser-
voir is filled on the one hand with remaining old air masses, which were transported
in winter and spring with the upper branch of the BDC, and on the other hand with
younger air masses, which are mixed in through the lower branch of the BDC. Inter-
estingly, some separated high concentrations can be seen in the N140 values (around
180 cm−3 STP), which are also present in autumn.
Figure 5.10: Correlation between the accumulation mode particle number concentration
and acetonitrile volume mixing ratio in summer (JJA). The color code shows the potential
temperature.
Those enhanced concentration values result in air masses, which are influenced by
biomass burning and transported by the lower branch of the BDC. In figure 5.10
the connection between the accumulation mode particle number concentration and
acetonitrile volume mixing ratio in summer (JJA) is shown. The color code shows the
potential temperature. On the right side of the picture the enhanced acetonitrile vol-
ume mixing ratios which are characterized by high particle number concentrations, are
separately shown. Because of the high values for C2H3N, the aerosol can be identified as
influenced by biomass burning. Unfortunately, values for the acetonitrile volume mixing
ratio are only available for approximately 15% of N140 measurement points, contributing
to this result. Nevertheless, figure 5.10 shows a clear influence and indicates that the
CHAPTER 5. INFLUENCE OF STRATOSPHERE-TROPOSPHERE EXCHANGE PROCESSES ON AEROSOL
PARTICLE NUMBER CONCENTRATION 91
high N140 particle number concentration is also caused by air influenced by biomass
burning, which was transported with the lower branch of the BDC. For approximately
30% of the N140 measurement points within the higher peak, the ratio of elemental
sulphur to ozone is available. All present data for the higher peak show enhanced
values for this ratio compared to the data on the left side, and besides the influence of
biomass burning, the air masses in this second peak are also influenced by volcanoes.
The enhanced potential temperature values prove that the measured air masses were
transported from tropical regions via the BDC to higher latitudes.
Figure 5.11: Seasonal median particle size distribution, measured in air masses transported
by the BDC into the LMS.
Besides the analysis of the accumulation mode particle number concentration, figure
5.11 shows the corresponding size distribution. The curve progression in autumn and
winter is nearly identical. As already seen in the number concentration, the atmo-
sphere has a very stable stratification in winter, and thus there is nearly no change in
the distribution from autumn to winter. In summer, the size distribution shows lower
values for smaller particles and higher values for particles in the size range 300 nm to
800 nm, which fits perfectly to the results in section 4.1.2, where aerosol, influenced by
biomass burning, was characterized in this size range. The largest differences can be
seen in the distribution of spring. During this season the LMS reservoir is filled with
the oldest air masses of the year, which were transported over several years. Because of
this, it is important to distinguish between different transport pathways. They cause
different particle number concentrations as well as different particle size distributions
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in the LMS.
With the IAGOS-CARIBIC dataset it was possible to identify air masses, which have
the signature of the BDC. Because of this successful sorting, the influence of the trans-
port pathway on the aerosol in the LMS reservoir was analyzed in this section. It was
shown that the Aitken and the accumulation mode particle number concentrations, as
well as the size distribution, depend on the seasonal variation of the BDC: transport by
the upper and lower branch. For the whole year the N4−12 particles are non-exitsing,
whereby particle sources and new particle formation in the LMS can be excluded. The
main influence is caused by transport. The upper branch of the BDC transports a large
variability of Aitken and accumulation mode particles from the deeper stratosphere into
the LMS. The lower branch of the BDC transports a slightly narrower variability of
N18 and N140 particles. Because of the shorter transport duration of the lower branch,
some tropospheric signatures, like biomass burning or volcanic eruption, can also be
identified in these air masses.
5.4 Transport along isentropes
This section investigates the accumulation mode particle number concentration during
the exchange of air masses across the tropopause which occurs along isentropes. These
exchange processes occur through diabatic heating and mainly take place near the
subtropical and polar jet streams [Hoor et al., 2002, Danielsen, 1968, Shapiro, 1980,
and Kritz et al., 1991].
Figure 5.12: Mixing line concept (left) and schematic transport along isentropes occuring
mainly near the jet streams (right) [Hoor et al., 2002].
To identify transport along isentropes, the concept of Hoor et al. was used (see figure
5.12 left) [Hoor et al., 2002]. The UT and the LMS as two reservoirs which are filled
with air masses with different characteristics. The UT has constantly low ozone values
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but very variable carbon monoxide concentrations and the other way round the LMS
has minimum values for carbon monoxide and ozone values increasing with height. The
correlation of these two parameters over both reservoirs would thus display an L-shape
(thick lines in figure 5.12, left). If air masses of these two reservoirs were mixed in a
certain area, mixing lines form out in the correlation, because CO are mixed in the
LMS and O3 is mixed in the UT (dashed lines in figure 5.12, right). The slope of
these mixing lines depends on the season (annual cycle of ozone) and the tropospheric
end-member (CO concentration at the tropopause – indication for air masses from the
tropics or mid-latitudes). O3 and CO are most widely used to identify mixing lines,
but it is also possible to use other parameters which have characteristic signatures in
the UT and LMS, i.e., water vapor [Pan et al., 2007]. The right part of figure 5.12
shows a cross section of the UT/LMS region and the isentropes (thin solid lines) which
cross the tropopause (thick solid line). Air mass exchange occurs near the jet streams
and is indicated by arrows. Thanks to the wide variability of measured and calculated
parameters of the IAGOS-CARIBIC dataset, it was possible to classify the mixing lines
with regard to their potential temperature, the corresponding wind field/jet streams,
and additionally the aerosol information. It can be difficult to find such clear mixing
lines in the atmosphere, because the exchanged air masses were rapidly mixed with the
ambient air and hence the correlation becomes low. Additionally, the high velocity of an
aircraft makes it also difficult to catch these exchanged air masses in the right moment.
Fortunately, the IAGOS-CARIBIC dataset includes many years of measurements, so
it was possible to find nearly 300 mixing lines and to choose only the most definite
correlations for the analysis of the accumulation mode particle number concentrations
(more than 130 mixing lines).
Figure 5.13 exemplary shows the analysis carried out in this thesis for one flight: LH303
on July 28, 2010, where different mixing lines were found. The picture on the top
shows the correlation between O3 and CO (like the scheme in figure 5.12) additionally
color coded with the potential temperature, and the black dashed line indicates the
approximate height of the chemical tropopause.
The upper picture shows three mixing lines; (I) with high potential temperatures be-
tween 350 K and 360 K, (II) with lower potential temperatures around 340 K, and
(III) with potential temperatures around 330 K. These potential temperatures and the
corresponding tropospheric end-member indicate tropical UT air masses contributing
to mixing line (I) and (II) and air masses from the mid-latitude UT contributing to
mixing line (III). The picture in the middle displays the corresponding flight route
from Frankfurt (FRA) to Osaka (KIX), the small black arrows show the wind field
with yellow marked areas for very high wind speeds and the three colored arrows
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Figure 5.13: Analysis method to identify the transport along isentropes for the IAGOS-
CARIBIC, exemplified for the flight LH303 on July 28, 2010. The correlation between O3
and CO and the identified mixing lines (top) are shown with the corresponding potential
temperature as the color code. In the middle the flight track from Frankfurt (FRA) to
Osaka (KIX) is shown and the colored arrows mark the three sequences where mixing lines
were found. The lower part shows the cross section of the UT/LMS region with the upper
tropospheric starting or end points of isentropic exchange with the LMS region (adapted from
Hoor et al. [Hoor et al., 2002].
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indicate the individual flight sections, where the data points forming the mixing lines
were measured. Interestingly, all three mixing lines can be directly assigned to air
masses from either the subtropical ((I) and (II)) or the polar jet (III). The picture
on the bottom shows again the cross section of the UT/LMS region as in figure 5.12
and confirms the assumption of the correlation and the wind field. The colored arrows
mark the isentropes along which the air mass exchanges between the UT and the
LMS occur near the jet streams. For this example, three exchange processes can be
clearly identified with the ozone and CO correlation, the potential temperature and
the corresponding wind field.
For the analysis of the large dataset provided by IAGOS-CARIBIC, the following
criteria were defined to sort on the one hand only clear mixing lines, and on the other
hand, to strengthen the representativeness of the results. The linear regression of the
mixing lines has to have at least an R2 > 0.8 and can be assigned one-to-one to the
subtropical or polar jet by potential temperature and the calculated 250 hPa wind
field from ECMWF. For the analysis of the aerosol particle number concentrations
two cases were distinguished: exchange along the polar jet stream with low potential
temperatures (< 320 K) and exchange along the subtropical jet stream with higher
potential temperatures (> 340 K).
The probability distribution of the mixing lines for the Aitken mode (blue) and ac-
cumulation mode particle number concentration (green) is shown in figure 5.14 along
the subtropical jet on the top, the polar jet in the middle and a probability distribu-
tion for all data in the mid-latitude tropopause region at the bottom. Existing data
for the exchange along colder potential temperatures provide 18.5 h of measurements
and 62 h for warm potential temperatures. Along the isentropes near the polar jet,
concentrations mainly between 90 cm−1 STP and 120 cm−1 STP were transported in
the accumulation mode. The distribution of the N18 concentrations is broader and
varies primarily between 300 cm−1 STP and 1000 cm−1 STP. Interestingly, the parti-
cle number concentrations change for the isentropic exchange near the subtropical jet
stream: the largest differences can be seen in the Aitken mode particle number concen-
tration, which is shifted to values around 1500 cm−1 STP. These enhanced values are
mainly caused by the influence of newly particle formation in outflow regions of deep
convective systems and those new formed particles were mixed into the ambient air
and transported along the isentropes into the LMS reservoir. These deep convective
systems also cause the slightly lower values for the accumulation mode particle num-
ber concentration. Interestingly, both results exhibit different probability distributions
than the entire averaged climatology of the tropopause region. These differences sup-
port the statement that it is important to analyze the different pathways separately,
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Figure 5.14: Probability distribution of the particle number concentration for different isen-
tropic pathways and particle modes: Aitken (blue) and accumulation mode (green) particle
number concentration for the isentropic pathway across the polar jet (cold case; top) and sub-
tropical jet (warm case; middle). Moreover, the probability distribution at the tropopause is
shown (bottom).
because they transport different aerosol particle number concentrations through the
tropopause. On average, higher concentrations of N140 particles cross the tropopause
along isentropes than those available on average at the tropopause background. For
the N18 particles, it depends on the potential temperature but also differs in both cases
from the tropopause background.
As vertical gradients across the tropopause give possibility for a functional behavior
between an observed variable and ozone, this behavior was analyzed as well for the
accumulation mode particles.
Two exemplary mixing lines are shown in figure 5.15. For both mixing lines, a good
correlation between O3 and N140 can be seen. The block-like distributions (many
different ozone concentrations for a constant N140 value) result from the averaging
time of the OPSS of three minutes. Obviously, the slopes of the linear regressions
are not as constant as for the O3-CO-correlation, but change continuously over the
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Figure 5.15: Correlation between the ozone volume mixing ratio and the accumulation
mode particle number concentration for flight LH372 (top) and LH503 (bottom). The color
code gives the potential temperature. Additionally, the calculated linear regression is shown
(black line).
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year and change even the sign of the slope for the different mixing lines. As ozone
shows always an increase over the tropopause, this implies that the accumulation mode
particle number concentration sometimes increases with altitude, sometimes decreases.
For flight LH372 (top), which took place on December 16, 2011, the regression has a
positive slope of 1.87, and for flight LH503 (bottom), which took place on April 21,
2015, the regression has a negative slope of -2.77.
Figure 5.16: Slope of all linear regressions between ozone and the accumulation mode
particle number concentration for identified mixing lines (dots) and a corresponding function
(red). Color coded is shown the potential temperature.
The analysis of the O3-N140-correlations for all identified mixing lines is shown in figure
5.16 and suggests that the slope of the linear regression between O3 and N140 follows an
annual cycle. The continuous change during the year is emphasized by a sine function.
The dots indicate the respective slope of every correlation and the red line shows the
calculated fit for the annual course. The development shows a change during the year
with positive slopes in winter and negative slopes during summer time. The course can
be approximately described by:
yslope = 1.31− 2.59 · sin(1.9e−7 · xday − 92.15) (5.3)
with xday the sum of days since January 01, 1904. The increasing accumulation mode
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particle number concentration with increasing ozone volume mixing ratio in winter is a
result of the stratification of the UT/LMS region and the tropopause which is a stable
transport barrier in winter. Furthermore, the dominant transport of particles via the
upper branch of the BDC fills the LMS reservoir in that season. The negative slopes
in summer occur because of the change of the dominant transport pathway which fills
the LMS reservoir in the corresponding season. In summer, the lower branch of the
BDC mainly contributes to the transport of aerosol into the LMS region and therefore
lower accumulation mode particle number concentrations are present there (see section
5.3). The color coded potential temperature in figure 5.16 and the analysis of further
parameters (e.g. latitude and longitude) indicates no additional dependence. Therefore
the result seems to be representative for isentropic transport.
To sum up, section 5.4 gives an overview of which particle number concentrations for
the Aitken and accumulation mode exchange along isentropes in the UT/LMS region.
The results show that it makes a difference if the exchange takes place near the polar
or subtropical jet stream. Especially the Aitken mode particle number concentrations
are higher for air mass exchange along isentropes, which occur near the subtropical
jet. For the accumulation mode particle number concentration it is important in which
season the exchange takes place: in winter lower values in the UT and higher values in
the LMS are mixed along the isentropes and in summer it is the other way round. For
the first time, a seasonality of the correlation of the ozone volume mixing ratio and the
accumulation mode particle number concentration was investigated for the exchange
of air masses along isentropes.
5.5 Tropical deep convective cloud outflow region
In this section the outflow region of tropical deep convection clouds will be investigated
concerning the aerosol particle number concentration in the Aitken and accumulation
mode. Tropical deep convective cloud systems mainly form around the equator in the
ITCZ. Near-surface air is transported to the UT/LMS and flows out horizontally at
the top of the convective system [Takahashi et al., 2017]. There are two pathways
of descending air from the tropical deep convective cloud: fast downward transport
nearby and slower downward transport at a distance from the cloud core [Folkins and
Martin, 2005, and Highwood and Hoskins, 1998]. In this thesis the slower downward
transport is investigated and is denoted as the tropical deep convective cloud outflow
(TDCCO) region.
To sort the data which are characteristic for this outflow region, the following criteria
were defined: all data in June, July and August between 0◦ and 20◦N were used to cover
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Figure 5.17: Relative frequency of aerosol particle number concentration for Aitken (blue)
and accumulation mode (green). The upper panel shows the tropical deep convective cloud
outflow and the lower panel the tropical UT background.
the region where deep convective systems occur most likely. Furthermore, the ozone
value has to be lower than the calculated threshold at the tropopause (see equation
4.3) and the pressure has to be lower than 330 hPa to exclude measurement biases from
departure and landing of the IAGOS-CARIBIC aircraft. The potential temperature
has to be higher than 340 K to ensure that the air masses originate from higher altitudes
near the equator. Besides these criteria also the water data were taken into account:
the values for gaseous water have to be lower than 45 ppmv and the relative humidity
over ice has to be lower than 25%. Both criteria should ensure that the sorted air
masses are already descending.
Figure 5.17 shows the histogram of the sorted aerosol data (upper panel) compared to
the tropical background (lower panel) in summer (JJA). For the accumulation mode
particle number concentration (green) the histogram for the TDCCO region is slightly
shifted to lower concentrations compared to the background values. Because nearly all
bigger particles should have been activated as cloud droplets within the deep convective
CHAPTER 5. INFLUENCE OF STRATOSPHERE-TROPOSPHERE EXCHANGE PROCESSES ON AEROSOL
PARTICLE NUMBER CONCENTRATION 101
system, very low values for the N140 particles were expected. But the result does not
show the expected differences very clearly. One possible reason can be that smaller
particles in the TDCCO region already grew up and cover depletion of the accumulation
mode particles by cloud processes. But more likely, the defined criteria sorted data of
different atmospheric situations and not only of the TDCCO region. Or rather the air
masses of the TDCCO region are mixed too fast into the air masses around and thus
are not identifiable anymore. This is also confirmed by the histogram of the Aitken
mode particle number concentration. In the TDCCO region new particle formation
is expected and therefore, maximum values for the N18 concentration. But the sorted
data show no enhanced values compared to the background, but a bimodal structure.
Obviously, the result in figure 5.17 does not show only the aerosol from the TDCCO
region.
Beforehand many different thresholds for the parameters were tested to investigate
the TDCCO region, but all modifications lead to nearly the same result (figure 5.17).
Different regions were defined between 30◦S and 30◦N to cover the region of the ITCZ,
also a sortation with the equivalent latitude was tested but discarded again. The
minimum value of the potential temperature was varied between 320 K and 360 K to
enlarge the dataset on the one hand also to ensure the tropical air masses on the other
hand. The threshold for water vapor was set at different values between 40 ppmv and
60 ppmv and for the relative humidity over ice between 25% and 40% to identify the
TDCCO clearly but also to ensure the statistical significance of the sorted data.
Unfortunately, it was not possible to clearly identify the TDCCO only on the basis of
the measured IAGOS-CARIBIC data alone.

6 Summary
Within this dissertation a fundamental characterization of an Optical Particle Size
Spectrometer (OPSS) and its application for in situ measurements of the accumula-
tion mode particle number concentration in the upper troposphere (UT) and lowermost
stratosphere (LMS) is described. For the analysis also the integral particle number con-
centration of the Aitken mode was used, measured by a Condensation Particle Counter
(CPC). On this basis a detailed characterization of the spatio-temporal distribution of
Aitken and accumulation mode particle number concentrations in the UT/LMS was
carried out for the first time. Furthermore, the role of different transport processes
for the aerosol particle number concentrations in the UT/LMS was investigated: the
Brewer-Dobson circulation (BDC), warm conveyor belts (WCBs), isentropic transport
(IT) and tropical deep convective cloud outflow (TDCCO). In the past this was done
only for atmospheric trace gases, but not for aerosol particles.
The analysis carried out in this dissertation is based on measurements performed by
the In-service Aircraft for a Global Observing System – Civil Aircraft for the Regular
Investigation of the atmosphere Based on an Instrument Container (IAGOS-CARIBIC)
[www.iagos.org/iagos-caribic]. IAGOS-CARIBIC is a worldwide unique project (since
2013 a European Research Infrastructure) with the goal to measure many trace gases
and aerosol parameters using an Airbus A340-600 of the German Lufthansa AG on a
regular basis. Here, the data of more than 200 measurement flights with more than
1700 h of observation were used, yielding information for more than 60 atmospheric
trace gases, aerosol particle properties and meteorological parameters.
Before analyzing the measurement data of the UT/LMS region a throughout char-
acterization of the IAGOS-CARIBIC OPSS was done in the laboratory for the OPSS-
relevant particle size range of 140 nm to 1040 nm diameter. After calibration with
polystyrene latex (PSL) particles a theoretical response function was calculated with
Mie theory to ensure a correct data analysis for the conditions in the lab. This response
function was recalculated for a refractive index which is representative for the UT/LMS
(1.479-i0.006). The results showed that this data analysis did not provide appropriate
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and realistic results. After testing different possibilities, the main problem manifested
itself in the calculation with Mie theory which was used for spherical particles. This
problem was solved by using a slightly non-spherical particle with the shape factor of
1.10 [Pfeifer, 2014]. Not all particles in the UT/LMS region have this shape factor and
it is not even proof that the particles are non-spherical, but the analyzed data show a
realistic and much more reasonable result than for ideal spherical particles. Further-
more, the dataset was corrected for the counting efficiency and erroneous counts, which
means particles which enter the laser beam in the outer beam region and thus produce
a weakened signal indicating apparently smaller particles.
The statistical analysis of the IAGOS-CARIBIC OPSS and CPC data give a good
overview of the available particle number concentration for the UT and LMS. For the
particle modes and size channels the relative frequency of occurred particle number
concentrations shows Gaussian distributions and provides a consistent, statistically
significant and worldwide unique UT/LMS aerosol dataset. Furthermore, an averaging
time of 180 s and 10 logarithmic equidistant size channels were chosen to monitor the
data of the OPSS properly. Also the comparison with literature values (short flight
campaigns on research aircrafts and balloon measurements) shows a reasonable agree-
ment. The concentrations are located in an acceptable range of variation (one order
of magnitude) and the curve progression of the particle size distributions is similar to
previous measurements from the literature.
For the first time, the IAGOS-CARIBIC aerosol data (N18 and N140: the integral
Aitken and accumulation mode particle number concentration, respectively) were used
for a nearly global and seasonal analysis on a statistically significant basis to obtain
information about the spatio-temporal distribution of the aerosol particles for both
the UT and LMS region. That includes global maps with median values, probability
density functions for specific flight routes, and longitudinal distributions of the par-
ticle size distribution. The results show that the particle number concentrations of
the Aitken and accumulation mode are mainly driven by transport processes, e.g. in
the LMS are nearly no sources and sinks. While the N18 values are distributed very
homogeneously over the year with values around 500 cm−3 STP near the pole and up
to 2000 cm−3 STP in the mid-latitudes, the N140 median values in ozone-based summer
(LMS: July–December) show an inhomogeneous pattern caused by biomass burning
events and aerosol influenced by volcanic eruption which is transported into the LMS
regions and leads to values up to 120 cm−3 STP. In the UT two transport processes
can be identified very easily: the upward transport of deep convective clouds and their
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outflow around the ITCZ near the equator which is a sink for N140 particles and a
source for N18 particles simultaneously. Also the transport by warm conveyor belts in
ozone-based summer (UT: May–October) can be seen which also leads to new particle
formation and thus to enhanced N18 values (more than 4000 cm−3 STP). The proba-
bility density functions for different flight routes show the width of possible particle
number concentration along the flight track. The range of possible particle number
concentrations always shows a smooth Gaussian distribution. The accumulation mode
particle number concentrations along the flight track to North America/Canada show
a very narrow range of possible values. Most probable concentrations with more than
30% are between 85 and 100 cm−3 STP sharply along the whole flight route. The distri-
bution for the Aitken mode particles is broader and varies around 500 cm−3 STP within
one order of magnitude. The probability density functions along the flight tracks to
South America and Asia show a shift of most probable values along the track. The
median of the accumulation mode particle number concentration decreases from 500 to
200 cm−3 STP on the way to South America and Asia and for the Aitken mode num-
ber concentration it increases from 2000 to 7000 cm−3 STP. That allows a prediction
of expected concentrations as well as the identification of outliers which are related
to special events like biomass burning plumes or volcanic eruptions. The longitudinal
cross section of particle size distribution monitored the average values over the northern
hemisphere as well as discrepancies because of measurements in certain flight corridors
(Atlantic Ocean) and because of pollution events (Asia). Overall, the unique dataset of
the IAGOS-CARIBIC European Research Infrastructure was used to show for the first
time statistically significant values (for several years) for the spatio-temporal distribu-
tion of Aitken and accumulation mode particle number concentrations, their probability
density functions for different flight routes and longitudinal cross sections of particle
size distributions.
The large IAGOS-CARIBIC aerosol dataset is perfectly suited to compare the aver-
aged measurement values with a global climate model. Before the influence of the
aerosol particles in the UT/LMS on the radiation budget of the atmosphere can be
estimated, it is necessary to compare the model values with the measured values to
find deviations and problems in the model. Within the scope of this dissertation a first
comparison with the global climate model ECHAM-HAM (ECHAM6 and HAM2.3,
using the aerosol microphysics module M7) was performed for four scenarios: Aitken
and accumulation mode particle number concentration for the UT region and for the
LMS region, respectively. In the UT the model clearly underestimates the N18 values
whereas the N140 values are mainly overestimated in the tropical regions and underes-
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timated in the mid-latitudes. In the LMS the model underestimates the Aitken and
accumulation mode particle number concentration in nearly all available grid cells. For
the Aitken mode in ozone-based summer only a few calculated grid cells are overesti-
mated. Conclusively, it turned out that the model still has problems to describe the
measured values. Most probable reasons for the deviations are the monitoring of global
emissions of aerosol and the dynamic processes (mainly transport) which are the main
drivers for the distribution of the particle number concentration.
In the last part of this dissertation the influence of transport processes into the UT/LMS
region on aerosol particle number concentration was investigated in detail. For the
first time statistically significant values for the different seasons were calculated using
the potential temperature and the equivalent latitude. The vertical distribution of the
Aitken and accumulation mode particles changes throughout the year because of atmo-
spheric transport processes which were shown. The upper branch of the Brewer-Dobson
circulation can mainly be seen in spring and transports constantly low N18 values
(500 cm−3 STP) and higher N140 values (80 cm−3 STP) to the LMS. This analysis also
allows the identification of deep convective cloud systems which act as a particle sink
for the accumulation mode particles (20 cm−3 STP) and as a source for Aitken mode
particles (5000 cm−3 STP and higher). In summer, major aerosol particle sources are
biomass burning events and transported volcanic aerosol, their effect is much stronger
than expected (N140: 160 cm−3 STP and higher), whereas in winter the assumed stable
stratification is clearly visible. Within this investigation also some specific transport
pathways were identified and analyzed using the data of IAGOS-CARIBIC: warm con-
veyor belts, the Brewer-Dobson circulation, isentropic transport, and the tropical deep
convective cloud outflow (TDCCO).
For the transport pathway of the WCBs two scenarios were sorted: young WCBs,
which ascend into the UT within the last two days, and old WCBs, which ascended
earlier, between three and eight days ago. For young WCBs the N140 values are on
average lower than the UT background: 23 cm−3 STP to 27 cm−3 STP, respectively.
The N18 values are higher than the UT background: 3514 cm−3 STP to 3229 cm−3 STP,
respectively. The differences are caused by deep convective cloud formation, which is
always accompanied by WCBs, and consequently activation of N140 particles as cloud
droplets and new particle formation in the outflow region (N18). For old WCBs it is the
other way round, because the newly formed particles are already grown: 2170 cm−3 STP
for the Aitken mode particles and 40 cm−3 STP for the accumulation mode particles.
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With the IAGOS-CARIBIC dataset it was possible to identify air masses, which have
the signature of the BDC. Because of this sorting, the influence of the transport path-
way on the aerosol in the LMS reservoir was analyzed. It was shown that the Aitken
and the accumulation mode particle number concentrations, as well as the size distri-
bution, depend on the seasonal variation of the BDC transported by the upper and
lower branch. For the whole year the N4−12 particle number concentration is mainly
zero, because in the UT/LMS this parameter carries only local information for new
particle formation, but the main influence is caused by transport. The upper branch
of the BDC transports a large variability of Aitken and accumulation mode particles
from the deeper stratosphere into the LMS. The lower branch of the BDC transports a
slightly narrower variability of N18 and N140 particles. Because of the shorter transport
duration of the lower branch, some tropospheric signatures, like biomass burning or
volcanic eruption, can also be identified in these air masses. The analysis conveys that
between 40 cm−3 STP and 200 cm−3 STP of accumulation mode particles are transport-
ed with the BDC, depending on the branch and season, respectively.
Furthermore, the transport pathway along isentropes in the UT/LMS region was in-
vestigated. The results show that it makes a difference if the exchange takes place
near the polar or subtropical jet stream. Especially the Aitken mode particle number
concentrations are higher for air mass exchange along isentropes, which occur near the
subtropical jet. For the accumulation mode particle number concentration it is impor-
tant in which season the exchange takes place: in winter lower values in the UT and
higher values in the LMS are mixed along the isentropes and in summer it is the other
way round. For the first time, a seasonality of the accumulation mode gradient (cor-
relation of the ozone volume mixing ratio and the accumulation mode particle number
concentration) was found and characterized (see eq. 5.2) for the exchange of air masses
along isentropes.
Moreover, the outflow region of tropical deep convection clouds was investigated. Un-
fortunately, it was not possible to identify the TDCCO region only on the basis of the
measured IAGOS-CARIBIC data. The most probable reason is that the measurements
in this region were always mixed too fast into the air masses around and thus are not
identifiable anymore.
Key aspects of this dissertation are the detailed characterization of an OPSS for mea-
surements of the accumulation mode particle number concentration and size distribu-
tion in the UT and LMS. Furthermore, a unique dataset is presented which allows for
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the first time statistically significant investigations of the spatio-temporal distribution
of aerosol particles in the Aitken and accumulation mode in the UT/LMS. In particu-
lar, the first comparison with a global climate model may help to evaluate and reduce
uncertainties in global climate models. Finally, the investigation of different transport
pathways and their influence on aerosol particle number concentration shows the im-
portance of this topic for further research, i.e. calculation of radiative forcing in the
UT/LMS.
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